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Spectrometric Determinations of the Effect of a Neutral Sait on 
the Dissociation of Acetic Acid. 

By N. V. SiiJttwicK, F.R.S., and L. A. Woodward. 

(Received July 30, 1930.) 

This paper gives an account of an extension of the work contained in the 
preceding paper (Sidgwick, Worboys and Woodward). For the first port 
the simple photoelectric colorimeter described in that paper was used. For the 
second part a new tyi)e of flicker photometer was constructed. The principle 
of both instruments is the same, and has been given in the previous paper 
together with the theory of the colour changes of methyl orange, the indicator 
used throughout. 

The colour measurements allow us to determine the value of the apparent 
dissociation constant K of methyl orange in presence of various concentrations 
of neutral salt. At a given salt concentration therefore the use of the appro¬ 
priate K value will enable us to calculate the true hydrogen ion concentration 
of such a solution from its colour. In this way the degree of dissociation of 
acetic acid has been investigated in presence of different amounts of the neutral 
salt potassiiun bromide. 

Part I.— Pbeliminaby Measurements with the Simple Photometer. 

Determination of the Dissociation Constant of Acetic Add in Absence of Neutral 

Salt. 

The solutions used contained N/40,000 methyl orange and N/600 sodium 
acetate, together with a range of concentrations of acetic acid. At N/600 
the sodium acetate represses the ionisation of the acetic acid considerably, but 
its neutral salt effect on the activity coefficients of the substances present must 
be negligibly small. 

VOL. CXXJt.—A. B 
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The acetic acid was purified as described by Bousfield and Lowry,by 
repeated distillation from potassium permanganate with an efficient still- 
head. The purity of the product and its freedom from formic acid were 
tested by determination of the maximum conductivity in water. The sodium 
acetate was the purest available trihydrate ; it was recrystallised 

from water with the aid of a centrifuge, and then carefully dehydrated below 
]20^.t In preparing the solutions conductivity water was always used, and 
the precautions of the previous paper were observed. 

The wave-length of the spectrum band used was selected, as before, so as to 
give values of (the ratio of the acid to the alkaline colour) lying between 
2*5 and 3*0. Three sets of measurements were made, each with a series of 
acid concentrations. The value of Cj was determined separately for each set; 
its small variations, due to a slight difference in the setting of the apparatus, 
do not affect the validity of the results. The temperature was IS'’ i 
The results are given in Table I. The first column contains the total con¬ 
centration of acetic acid ; the second the observed relative colour (as defined 
in the previous paper); the third the values of [Hfree] calculated from the 
equation 

(Cl - c) 


The value of K used was 3 • 0 x 10”*, as determined at 18° with this apparatus. 
The fourth gives the concentration of hydrogen ions combined with indicator 
anions, according to the equation 



c-1 _J_ 

Cl - 1 ■40,000' 


The aoetanion concentrations [A] in the fifth column are obtained by the 
relation 


[A] = [Hbound] + [H„«] + [NaA], 


assuming complete ionisation of the sodium acetate at N/6(X). The concen¬ 
trations of the undissociated acetic acid, [HA] of the sixth column, are given 
by 

[HA] = [total acetic acid] — [H]. 

The values of Kha (last column) are calculated from the ordinary mass-action 


equation 



* ‘ J. Chem. Soo.,' vol. 99, p. 1432 (1911). 

■f See Green, ‘ J. Phye. Ohem.,’ vol. 12, p. 686 (1908). 
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[Aoetio 

acid] 

X 10*. 

c 

obs. 

[Htroe] 

X 10* 

[Hbound] 

X 10*. 

[A] X 10*. 

[HA] 

X 10‘. 

Kba 

X 10*. 



1327 

2*45 

8-33 

0*18 

28*71 

1318 

1*86 

8atl. 


92^ 5 

2*34 

6*48 

0*17 

26*65 

808*9 

1*92 

3*96 ^ 


6170 

2*19 

4-&3 

0*15 

24-78 

592*2 

1*04 



462-7 

2-04 

3*39 

0*13 

23*52 

439*2 

1*81 



370*2 

1*94 

2*76 

0*12 

22*88 

347*3 

1*82 



1234 

2*34 

! 7*88 



1226 

1*81 

Set 3. 


740*4 

2*17 

1 5*16 1 

0*16 

25*32 

735*1 

1*78 

Cj - 2*85 


870*2 

1*89 

2*78 i 



367*3 

1*73 


185*1 

1*61 

1 1*48 ! 

0*08 

21*56 

183*5 

1*74 


r 

1481 ! 

2*23 

! 9*30 

0*19 

29*49 

1472 

1*86 

Set 3. ^ 

e, = 2-62 1 


nil 

i 2*16 

7*33 

018 

27*52 

1103 

1*83 


789*8 i 
j 403*6 1 

1 2*06 
1*90 

6*68 

3*75 

0-16 

014 

20-84 

23-80 

784*0 

489*7 

1*87 

1*83 



1 296*2 

1 

! 1*71 

1 

2*33 

0*11 

22*44 

293*8 

1*78 


They are satisfactorily constant, and the mean value 1*83 X 10~® at 18° 
is in complete agreement with the accepted value from conductivity 
measurements. 

It is to be noted that the form of the mathematical relationships involved 
is such as to magnify experimental errors. The sodium acetate diminishes 
this, providing a large and constant amount of acetanions, which makes the 
percentage variation of [A] due to an error in colour measurement small. 
Slight variations in temperature will have a considerable effect, owing to the 
large temperature coefficient of the indicator K. 


Bffeci of 2N Potassium Bromide on the Colour of Methyl Orange. 

It had been found (previous paper) that the absorption of the yellow and red 
forms of methyl orange was slightly increased by the presence of neutral salts, 
but to the same extent, so that the value of Cj was unaltered. This effect was 
remeasured with slightly different results, which were shown, however, not to 
affect the conclusions. Solutions of methyl orange (N/40,000) were used, one 
being slightly alkaline (100 per cent, yellow form) and the other having an 
excess of hydrochloric acid (100 per cent, red form). The absorptions were 
measured in absence and presence of 2N potassium bromide. The salt was 
recrystallised from water with the aid of a centrifuge. It was found that the 
absorption of the yellow (alkaline) form was increased by about 10 per cent., 
and that of the red (acid) form only by about 1 per cent., so that is somewhat 

n 2 
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decreased by the presence of the salt. In one experiment, for example, a 
mean value of Cj =: 2 • 89 in absence of salt fell to 2 * 65 in presence of 2N KBr. 

To discover whether this discrepancy affected the results, we redetermined 
the apparent dissociation constant of methyl orange in presence of 2N KBr, 
for comparison with the value given in the previous paper. In the previous 
measurement a range of concentrations of salt and only one of acid were used ; 
we therefore now used a range of acid strengths and only one of salt. This 
further served to test the dependence of the neutral salt effect upon the hydrogen 
ion concentration. 

The solutions contained N/40,000 methyl orange and 2N potassium bromide. 
The measurements were made as before ; temperature 18'\ Two sets were 
made, and the results are given in Table II. 


Table II.— Hydrochloric Acid and 2N Potassium Bromide. 



1 

0 

[Hbounrt] 


K >: 10*. 


i X 10«. 

! 

ob«erv<?d. 

X 10‘. 

X 10*. 

Sot 1. 

fl 3-82 

2-25 

0-2(( 

3-62 

0*98 

Cj 2 ' 59 

212 

2 06 

017 

1*95 

0*97 


1*70 

1 99 

0‘ u; 

1-54 

0-93 


1-27 

1-88 

014 

M3 

0-89 


0-84H 1 

1-72 

j 011.1 

1 0*735 

1 0'8» 


r 

3’82 

2*35 

0-20 

1 3«2 

0'93 

Set 2. 


2'7(5 

2-25 1 

1 018 

2-68 1 

1 0-92 

Ci = 2-69,5 


1*91 

212 

! 0-17 

1-74 i 

1 0-89 



1-48 

2 00 

O' 1.5 1 

1-33 

1 0-93 


iv 

I0(i 

1*84 

1 

! 0'12 

1 1 

O'W 

1 0'9« 

1__ 


The values in the third, fourth, and fifth columns are obtained from the 
relations 

[ft„e] = [HCltou.] - [Hbound], 

K = [HU.^^. 

c — 1 

An error of 1 per cent, in observed colour will cause errors in K of 4 per cent, 
in the lowest and 8 per cent, in the highest acid concentrations. The values 
of K obtained are reasonably constant, and the mean value, 0’93 x 10~* at 
18°, in 2N potassium bromide, is not seriously different from that (0*99 x 10"*) 
given in the previous paper. 
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Determination of Kha in Presence of NevUral Salt. 

This value, 0 • 93 X 10“* of K for methyl orange in 2N KBr, was used to 
investigate the dissociation of acetic acid under the same conditions. The 
solutions contained N/40,(K)0 methyl orange, 2N KBr, and N/600 sodium 
acetate. As mentioned above, the sodium acetate has a negligible neutral 
salt effect, but increases the accuracy of the deductions by giving an excess 
of acetanions. The results are given in Table III, which is analogous to 
Table I. 


Table 111.—HA + N/600 NaA + 2N KBr. 



[Aoetic 

acid] 

X 10‘. 

c 

ollK. 

[Hfrpcl 

X 10*. 

[HtonnH] 

X 10«. 

[A] X 10^ 

[HA] 

X 10*. 

Kha 

X 10». 



388-7 

2*30 

3*06 

0 19 

23-2.5 

385*5 

1*86 

m h 


259 1 

2*18 

2-13 

0-17 

22 40 

256*7 

1*85 

Cj ass 2 • 695 ■* 


172-8 

2*036 

1-46 

0-16 

21-61 

171*2 

1-84 


129-6 

1 1-93 

1-13 

j 0-14 

i 21-27 

128*2 

1-88 



86-38 

1 

1 0-775 

0-113 

j 20-89 

1 86*49 

1*90 


r 

618-2 

' 2-37 

! 4-11 

j 0-20 

' 24-31 

513-9 

1-94 

Sot 2. 


388*7 

! 2-31 

■ 3 29 

1 0-20 

1 23-49 

386-2 

2-00 

t\ = 2-68- 


276-4 

: 2-21 

! 2-40 

! 0-18 

1 22-58 

273-2 

1-98 



216*9 

! 2*13 

! 1 92 

1 0*17 

; 22-09 

1 213-8 

1*98 



156-5 

1 

j 2-01 

j 1-40 

j 0-16 

1 

i 21-56 

1 

i 154-0 

1-96 


The mean value of Kha at 18° is 1 -92 X 10“®, as compared with 1 -83 X 10“® 
in absence of neutral salt, so that the salt causes an increase of only about 6 
pet cent. Recent work on the variation of activity coefficient with ionic 
strength would, however, lead us to expect that the ndutral salt effect would 
be in general much larger than this, and that the dissociation would increase 
at low salt concentrations, pass through a maximum, and then decrease. 
Thus at a certain concentration for each salt the effect must be zero; and 
it was thought that the small change observed in Kha in 2N KBr was due to 
an accidental choice of a salt concentration near this point. We therefore 
decided to examine a range of salt concentrations, and for this purpose 
constructed the flicker photometer described in the next section. 

Part II.—The Fucker Photometer. 

The principle of this apparatus is the same as that of the simple photometer 
described in the previous paper, but it is far more accurate and convenient to 
use. In its construction we have had the advantage of the continual assistance 
and advice of Dr. G. M. B. Dobson, to whom we are very grateful. 
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By means of a suitable optical arrangement (descrribed below) a beam of. 
monochromatic light of known wave-length can be made to enter the same 
photoelectric cell by one or other of two routes, either through the compart¬ 
ment in which the cell (containing the solution under investigation may be 
placed, or through an optical wedge. The colour of a given solution is tlnm 
obtained as follows. B(^for(c introducing the cell with the solution, the photo¬ 
electric effect of the beam aft(‘r passing througii the (^rnpty chamber is noted. 
The beam is then deflected so as to pass through the wedge, and the wedge 
position corresponding to the same photoelectruc effect as before is observed. 
This may be called the “ zero position.'' Then the absorption cell with the 
coloured solution is placed in the chamber and the light sent normally through 
it. The electrometer reading is observed, and the beam deflected through 
the wedge, whicJi is then shifted so as to give the same reading. As shown in 
the previous paper the lateral shift of the optical wedge from its zero position " 
gives a direct measure of the absorption of the solution together with the cell 
containing it. 

Thus each colour measurement involves the observation of two wedge 
positions, each of which involves the balancing by a null-point method of two 
photoelectric effects which are produced by the beam after travelling respec¬ 
tively two different paths. It is essential for accuracy that the change over 
from one path to the other should be as rapid as possible, and accompanied 
at the null-point by the minimum transient diminution of the intensity of 
light, i.e., the minimum flicker of the electrometer needle. With our apparatus 
it is possible, when the wedge is correctly adjusted, to change over rapidly 
from one light path to the other with no observable flicker. 

A diagrammatical representation of the apparatus is shown (only roughly to 
scale) in fig. 1. The source of liglit L is a 500-watt, gas-filled filament lamp, 
mounted to allow of focusing and lit directly from the laboratory mains. 
Owing to the heat generated this must be surrounded by a double-walled metallic 
jacket J through which water circulates. The light is focused on the slit of 
a Tutton monochromator by Hilger, a constant deviation instrument in which 
the wave-length can be read off directly from the drum which moves the prism 
(M). The monochromatic beam is made parallel by the lens S. The arrange¬ 
ment for changing tin? path of the beam consists of two totally reflecting prisms, 
Pj, Pj, carried on a horizontal metal table which can be moved vertically by 
hand. When the table is depressed, the beam passes over the top of the prism 
P|, through the absorption (diamber A, and is focused on the photoelectric 
cell C. When the table is raised, the beam suffers total reflection at Pj, passes 
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normally through the optical wedge W, is reflected at Pg, and finally focused 
again upon C. While it is being raised or depressed, part of the light goes one 



way and part the other ; thus no “ flicker is produced in the photoelectric 
effect if the wedge is correctly adjusted at the null-point. Owing to the loss 
of intensity in passing through the prisms, it is necessary to insert an absorbing 
screen R of suitable density in the absorbing chamber ; otherwise the zero 
position ” cannot be realised. The optical wedge is held by an arm attached 
to a brass carriage running accurately on parallel steel bars. The carriage 
position can be set roughly by hand, and final adjustment is by a micrometer 
movement, the position being read off on a vernier scale. The solution to be 
investigated is contained in the rectangular glass cell X, tlte liquid layer being 
1 cm. thick, and the whole cell holding only about fi c.c. The electrical con¬ 
nections to the photoelectric; cell C are similar to those described in the previous 
paper, the xylene leak, two-way switch, etc., being all contained along with C 
in a compartment B, which is completely lined with earthed copper sheet, 
The current is measured as before with a Lindemann-Keeley electrometer. 
The whole apparatus is carried on a single base of multiple-ply wood to avoid 
warping, and, with the exception of the monochromator, all is contained in 
two mahogany boxes fitted with levelling screws. 

The apparatus can be made practically light-tight, and so need not be used 
in a dark room. The accuracy of the results is not affected by variations in 
the light source or in the photoelectric apparatus, etc., if these arc sufificiently 
slow not to be mistaken for genuine “ flickers ” of the needle. In practice 
no difficulty is found in obtaining good nuU-points. 

For experiments with methyl orange it is desirable to control the temperature. 
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To this end the cell with the solution (protected by a cover-slip) was placed for 
some time in an air-bath kept at 18^^ by immersion in the water of a thermostat 
at a slightly higher temperature. It was then transferred to the absorption 
chamber, the temperature of which was regulated by blowing into it a stream 
of air previously heated by passage over an electrically heated resistance 
wire. By suitable hand regulation the chamber could be kept at 18'^ i 0-2*, 
and the solution during measurement was well between these limits. 


Part IIL.Measdkemkkts with the Fucker Photometer. 

Te^t of the Colour Theory for Methyl Orange over the Range of the Optical 

SpectnwK 

It had been found in the previous w^ork that satisfactory results could be 
obtained by using only a certain empirically selected range of wave-lengths. 
Tlie present measurements were undertaken in order to t/cst the applicability 
of the Tizard equation at other wave-lengths. 

Five solutions were made up, each containing N/40,00() methyl orange. 
0»e was made slightly alkaline (2 drops of N potassium hydroxide to 100 c.c.), 
and one contained N/10 hydrochloric acid; the other three contained inter¬ 
mediate concentrations of this acid. The absorptions were measured at 18® 
for a series of 10 wave-lengths from 4500 to 5625 A.U., a rubidium photo¬ 
electric cell being used. Every measurement was repeated at least twice with 
fresh solutions, and the agreement was satisfactory. The mean results are 
given in Table IV. 


Table IV,—Methyl Orange 4' Hydrochloric Acid. 


A 

in A.U. j 

1 

D 

ob». 

1 

I j 

1 

J 

.. * ' '”""i 

• Acid 1. 1 

Acid 11. 

Acid III. 

X obe. 

Per cent, 
red. 

Xobs. 

Per cent, 
red. 

X ube. 

Per cent, 
rod. 

1 

5«26 

1 i 

! 2*66 ! 

0-fMi 

1 

2*27 

(80*5) 

2*06 

i 

(70 0) 

1*62 

(48*0) 

5d00 

1 6'2f> 

1 0>88 

5-10 ' 

78*6 

4*66 

68*6 

3*42 

47*8 

5376 

; 996 

1 1-39 

811 I 

78*6 

7*30 

69*0 

6*33 

46*0 

6260 

; 11 37 

2'20 

9-46 

79*2 

8*64 

69*1 

0-44 

46*2 

5125 

I 12 07 I 

3-40 

10*26 

79*1 

9*37 

68*0 

7*36 

46*9 

5000 

! 12 02 

4*64 

10*47 

79*0 

9*70 

60-4 

8*06 

46-3 

4S75 

' 10-63 1 

6 07 

9*60 

77*9 j 

9*10 

67*2 

8*10 

46*7 

4760 

8-23 

6*82 

7*96 

(80*8) 

7*76 

(66*7) 

7*49 

{47*6) 

4625 

0-84 

694 

6*16 

(71*8) 

6 23 

(64*6) 

6*62 

(89*7) 

4600 

4-03 

0-37 

4*69 

78*0 

4*86 

67*3 

6*43 

46*4 

1 

1 



^ M&au .... 

78*6 

Mean .... 

68*5 

Mean .... 

46*3 
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The first column gives the wave-lengths in A.U.; the second and third the 
observed wedge shifts in centimetres for the excess acid solution (D) and the 
slightly alkaline solution (L). The rest of the table gives for each of the three 
intermediate acid concentrations X, the observed wedge shift, and the per¬ 
centage of the red form present. These shifts are not corrected for the 
absorption of the glass cell and the water ; this correction is constant through¬ 
out, and since in the calculations we deal only with the differences of wedge 
shifts, it vanishes. In the previous treatment of results use has been made of 
relative colours, but the results with the flicker apparatus will always be given 
in terms of observed wedge shifts. The following relations hold : 

c = (X — Cj (D —' ^^^)/(L — w), 

where tv absorption of cell 4- water. The Tizard equation (equation (3), 
previous paper) becomes 

K - [HJ. (D -- X)/(X -- L), 
which is seen to be independent of u\ 

The percentage of indicator present in the red form at each acid concentration 
is calculated according to Tizard’s additive law from the equation 

Percentage red == (X ~~ L)/(D — L). 

With the exception of certain bracketed values (see below) concordant results 
are obtained over the whole spectrum. 

The results are shown graphically in fig. 2, in which observed wedge shifts 
are plotted against wave-lengths. The curves for the excess acid solution 
(100 per cent, red) and for the alkaline solution (100 per cent, yellow) intersect 
at about X 4685 A.U, Since at this point the absorptions of the two forms 
are equal, any mixture of the two at the same total concentration should give 
the same value ; and this is proved by the fact that the curves for the three 
intermediate solutions all pass through this point. 

In calculating the percentage of the red form present, the accuracy depends 
on the magnitude of the difference terms (X — L) and (D “ L). When 
X = 4625, 4760 and 6626 A.U. (the bracketed values in Table IV), the measure¬ 
ments cannot be expected to yield accurate results, in the first two because the 
absorptions of the two forms are so nearly equal, and in the last because the 
whole absorption is so small; in reckoning the means these have been omitted. 

The value of K for the indicator acid from the mean results in Table IV is 
given in Table V. 
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J?'lo. 2. 


Table V. 


1 

tSoIution. 

i fHOltotfti] 1 
, X 10*. 

[Hbounc) 1 

X 10<. 

1 

X 10*. 1 

K X m 

Acid I . 

11-8 

0 1» 

1 ll-O 

3)6 

Acid 11 . 

7-39 

0-17 

1 7-22 1 

1 3-32 

Acid m . 

2*95 

0-17 

2-83 

3-28 




; I 



The third column is obtained from the relation 



X-L 1 
D - L ' 40^000 


taking the mean values of the term (X — L)/{D — L). The Tizard equation 
was used to calculate K, taking the mean values of (D — X)/(X — L). The 
values of K show fair agreement, but point to a higher figure than that 
previously obtained (3-OS x 10"*) with the simpler apparatus. 


Determination of K for Methyl Orange at Optimum Wave-length. 

The optimum wave-length is that showing the greatest difference of absorp¬ 
tion between the two forms. For all subsequent measurements the wave¬ 
length 5125 A.U. was selected, and a rubidium photoelectric cell, having its 
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maximum aeusitivity in this region, was used. The temperature was regulated 
to 18^ ± ^‘2®, as described above. The indicator was N/40,000. The means 
of a number of concordant determinations are given in Table VI, which is 
similar to Table V. 


Table VI.— Values of K for Methyl Orange at 18°. 


[HCltotal] X 10*. 

X olwerved. 

[HboiimlJ X 10*. 

X 10*. 

K X 10*. 

7 03 

9*11 

0*17 

6*86 

3-42 

6 03 

8*79 

016 

5*87 

3*41 

4-74 

8*39 

0-15 

4*59 

3*25 

406 

8*00 I 

013 1 

3*93 

3*34 

3-20 

7*56 

012 

3*17 

i 3*30 

2-22 ! 

6*70 i 

0*10 ' 

2*12 

I 3*31 



i 

! 

Mean 

3*34 


The mean of a large number of determinations at this wave-length gave for the 
two forms the values I) ==-11*98 and L = 3*32 cm. Observational errors 
are magnified in the calculation of K ; the figures in the last column of Table 
VI show that the error in the absorption measurements is always less than 1 per 
cent. The mean value of K, 3*34 X 10”^, at 18°, is very near to that given 
by Giintelberg and Schiodt,* which is 3*23 x lO'^ at the same temperature. 

Deternihmtion of K in Premnc£ of Neutral Salt. 

Analogous determinations were then made in presence of potassium bromide. 
It has already been shown (Table 11) that the salt effect is independent of the 
acid concentration. For these experiments four concentrations of acid were 
used, and four of the salt, the latter being approximately N/10, N/2, N, and 
2N. The materials were purified as before. Teraperatuni 18° ±0*2°, wave¬ 
length 5126 A.U. The results are given in Table VII, the mean of two 
independent concordant determinations being quoted in each case. 

The table is in four parts, each of which is analogous to Table VI, and beside 
each are given the salt concentration and the mean observed values of D and L. 
For each part the appropriate values have been used in the calculation of K. 
The agreement of the calculated K-values at each salt concentration shows that 
the eiTor in the absorption measurements is always less than 1 per cent. Since 
the value of K in absence of salt is 3 • 34 X 10*, it follow^s that with increasing 
salt concentration K passes through a maximum. 

♦ * Z. Phys. Chom.; vol. 135, p. 393 (1928). 
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Table VII. -Methyl Orange + HCl + KBr. 



[HCltoui] X 

X 10*. obsem'd. 

! i 

[Hboiind] 

X 10*. 

[Hfmi] 

X 10*. 

K X 10*. 

Mean 

K X 10* 

[KBr] 0-0916 nT 

1) = 12-03 < 

L- n*43 1 

1 

2- 21 i 6-33 

3- 29 ; 7-14 

4- 06 1 7-60 

4-74 ; 8-02 

0-08 

0-11 

0-12 

0-13 

2- 13 

3- 18 

3- 94 

4- 61 

4-19 

4-19 

4-19 

4-03 

4-16 

[KBr1 ^ 0-458 N f 
I) ^ 12 08 J 

3-58 1 

2-21 ' 7-06 

3- 29 1 7-87 

4- 06 j 8-28 

4-74 j 8-66 

O-IO ; 2-11 
0-13 3-16 
0-14 3-92 
0-16 I 4-69 

3 02 
3-07 
3-14 
3*21 

3-11 

[KBr]0-916 N f 

12-12 i 
L==: 3-58 1 

2- 21 1 7-66 

3- 29 1 8-67 

4- 06 j 9-00 

1 4-74 ; 9-35 

0-12 2-09 
0-16 1 3-14 
0-16 3-90 
0-17 4-67 

2-28 

1 2*23 

' 2*26 

1 2-19 

2-24 

[KBr]=«:. 1'832N f 
!>«= 12-31 ^ 

L 3-68 

t 2-21 1 9-10 t 0-16 ' 2-05 

1 3-29 9-89 ■ 0 18 3-H 

406 10-30 1 0-19 1 3-87 

j 4-74 ; 10-62 0-20 4 63 

i ! ! ! ^ 

! 1-21 
1--21 

1 1-17 

1-18 j 

1 

1 

M9 


Determifiation of the Dissociation Constant of Acetic Add in Absence of Neutral 

SaU. 

This was done with N/40,000 methyl orange and pure acetic acid, but without 
sodium acetate. Temperature 18°, wave-length 6125 A.U., D = 11-98, 
L = 3 • 32 cm. The results are given in Table VIII, which is analogous to 
Table I. 

Table VIII.—Acetic Acid. 


[Acetic 

acid] 

X 10*. 

X 

observed. 

[Hjrco] 

X 10*. 

[Hbound] 

X 10*. 

[A] X 10*. 

[HA] 

X 10*. 

Kha X 10*. 

999-3 

10-28 

13-7 

0*20 

13 9 

976-4 

1-96 

682-6 

9-84 

10-19 

0-19 

10-38 

572-2 

1-86 

272-4 

9-18 

0-99 

0-17 

7-16 

265-2 

1-89 

124-7 

8-36 

4*66 

0-145 

4-796 

119-9 

1-86 

101-6 

8-06 

4-04 

0-14 ! 

4-18 

97-4 

1-73 

72-69 

7-74 1 

3-48 

0-13 1 

3-61 

69-08 

1-82 

61-96 

7-63 

3-16 i 

0 12 1 

3-28 

68-68 

1-77 

50-58 

7-37 

2-93 { 

0-12 i 

3-06 

47-63 

1-88 

33-98 

6-90 

1 2-36 1 

0-10 

2-45 

31*53 

1-83 

25-18 

6-66 

i 2-10 

0-09 1 

2-19 

23-12 

1*99 

k 

Mean 

1-86 


The mean value, 1-86 x 10~*, agrees with that found in the previous 
experiments (Table I: 1*83 x 10“®). 
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Determination of Kha in Presence of Potassium Bromide. 

This was carried out in the same way as in the measurement of K (Table 
VII), with four concentrations of acetic acid, and four of potassium bromide 
(the latter the same as before). The same temperature and wave-length were 
used. The results are given in Table IX, which is arranged like Table VII. 


Table IX,—Acetic Acid and Potassium Bromide. 


i [Acetic 
neid] 
y U>*. 

X 1 

ob». 1 ;< 10*. 

[Hbound] 

X ip*. 

w 

X 10*. 

IHA] 

X 10*. 

Kha 

X 10*. 

Me«a 

Kha 

X 10*. 

(KBrl ^ () (»91<IN 
I)s= 12 03 < 

1. 3-43 

• 

"i 33 08 

1 5(i-5H 
’ 72-09 

1 124-7 

6- 94 i 2-86 0-10 

7- 39 3-54 0-12 

7-79 I 4-27 1 013 

8*37 ! 5-60 0-14 

1 ' 

2- 96 : 31-02 j 2-73 

3- 66 ' 46-92 , 2-70 

4- 40 i 68-29 2-75 

.5 76 i 119-0 i 2-70 

2-74 

0'45HN 

1) 12 OS 

Lv-. 3*53 


33-98 

50-58 

72-09 

124-7 

7 09 ! 2-95 0 12 | 3 07 i 30-91 1 2-93 1 

8-10 ' 3-67 0-13 ; 3-70 ! 46-88 2-82 

8- 48 ! 4-28 0-14 I 4-42 i 08-27 2-77 

9- 10 i 5-81 0-18 ! 6-97 i 118-7 | 2-92 

2-86 

fKBi]0-91«N 

J) = 1212 

L .= 3-38 


33-98 

50-68 

72-69 

124-7 

8-24 i 2-69 

8- 66 1 3-29 

9- 07 4-03 

9-64 I 5-47 

0-14 

016 

0-16 

0-18 

2- 83 

3- 44 

4- 19 
6-66 

3M5 

47 14 
68-60 
119-0 

2-44 

2-40 

2-47 

2-60 

2-48 

[KBrj«x 1*832N I 
I)« 12-31 J. 

L« 3-S8 


33 08 

SB-68 

72 09 
124'7 

9-44 ; 2-39 i 0-17 

9-77 2-86 i 0-18 

10-06 ! 3-35 i O-IO 

10-62 i 4-89 0-20 

2-66 

303 

3-54 

6 09 

31-42 

47-53 

69-16 

119-6 

1-94 

1-82 

1- 72 

2- 08 

1-89 


For the calculation of [Hfr«J by the Tizard equation, the proper value of 
the indicator K has been used at each salt concentration (i.c., the mean values 
from Table VII). The agreement in Kha-veIucs shows that the experimental 
error is always less than 1 per cent. The value of Kha m absence of neutral 
salt being 1-86 X 10*® these results show that with increasing salt concen¬ 
tration it passes through a maximum. 


Part IV.— Discussion of Results. 

Comparisofi of Results from the Simple and Flicker Photometers. 

The simple apparatus gave a value 3-0 x 10“^ of K for methyl orange at 
the room temperature of 18^, and this was used in the calculation of Kha from 
the experiments in Port I of this paper, for which the same apparatus was 
employed. The new flicker colorimeter, however, has given the higher value 
3*34 X 10*^ at a controlled temperature of 18®. This may be due, at least in 
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part, to the solutions in the earlier work not having attained the temperatiu’e 
of the room, since Tizard and Whiston have shown^ that K for methyl orange 
increases by about 4 per cent, per degree. This explanation is supported by 
the fact that for the dissociation constant of acetic acid, which is little affected 
by temperature, both instruments have given practically the same values (1 • 83 
and 1* * * § 86 X 10*“®), although the two different values of K were used in the 
two calculations. So, too, the values of KJKf. in presence of potassium bromide 
obtained by the simple apparatus (previous paper, Table IV) were, at salt 
concentrations of 0*5, 1 *0, 2-0 N : 1*06, 1*48, 3*00 ; while interpolation from 
the values obtained with the new apparatus (this paper, Table VII) gives 
1*10, 1 * 56, 3*12. In general it seems that reliable results are obtained under 
given conditions if we use values of K determined under the same conditions. 
The recent determination of K for methyl orange by Quntelberg and Schiodtf 
is 3*23 X 10“*** at about 18^, which is in better agreement with our later value 
than with our earlier one, or with the value 3*0 X 10“'^ got by interpolation 
from the earlier work of Tizard.J 

Theoretical Significance of Results, 

The fundamental thermodynamic equation for a weak acid (see previous 
paper, equation (6)) is 

K„ = = /« -/a Ch -Ca „ fa ./a 

oha /ha Cha /ha ' 

The results of the measurements with the flicker colorimeter are given in fig. 3. 
The acetic acid curve is got by plotting the values of K„/K, =/« ./a//ha 
against the square root of the volume normality of the potassium bromide 
(K„ is the value in absence of salt). We should expect the variation of U 
to be relatively small, and this has been approximately verified for acetic acid 
by the calculations of RandaU and Failey,§ which are based on the experiments 
of Sugdenll upon partition between aqueous salt solutions and amyl alcohol 
at 26“. It is therefore interesting to compare the acetic acid curve with that 
for a strong acid, where the concentration of the undissooiated part is zero. 
This is given in the HBr curve on fig. 3, which is taken from the electrometric 

* * J. Chem. Soc.,’ vol. 117, p. 164 (1920). 

t Loc, cit, 

t' J, Chem. Soo.,’ vol, 117, p, 160 (1020). 

§ ‘ Chem. Reviews,’ vol. 4, p. 291 (1927). 

ii ‘ J. Chem. Soo.,’ vol. 129, p. 177 (1926). 



Dissociation of Acetic Add. 


16 


results of Hamed and James* for centinoimal hydrobromio acid in potassium 
bromide solutions. Their units are slightly different from oius, but this does 



not affect the general shape of the curves (see previous paper). Their values 
for water (yu • Yoh against the square root of the molality) are added; the 
lowest (dotted) curve gives the theoretical values for a uni-univalent 
electrolyte in dilute salt solutions according to the theory of Debye and 
Hllckel (see previous paper). 

It will be seen that all those curves, colorimetric and electrometric, are of 
the same form. In very dilute solutions all approximate to the theoretical 
limiting slope ; each passes through a minimum at about the same salt con¬ 
centration, and ultimately rises in concentrated salt solutions (> 3N) above 
its initial value. To the same class belong the later colorimetric measurements 
of Gttntelberg and Schiodt (foe. dt.), and the approximate calculations of 
Harnedf for formic acid, based on the rate of hydrolysis of methyl formate. 

On the other hand, a sharp contrast is provided by the corresponding curve 
for methyl orange (Kg/Kj against the square root of the concentration : see 
Tables VI and VII). This shows a more marked deviation from the theoretical 
curve in very dilute solutions; the minimum occurs at a lower salt concentration 
(about 0*06 N); and the curve, after passing through the unit ordinate at a 
concentration of only about N/3, rises to much higher values in the strong 

• ‘ J. Phys. Cham.,’ vol. 30, p. 1060 (1926). 
t ‘ J. Ainer. Ohem. Soo.,* vol. 49, p. 1 (1927). 
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solutions. The measurements of GUntelberg and Schiddt (ioc. ciV., plotUnl 
in fig, 1 of the previous paper) confirm these conclusions. This difference must 
be due to the fact that with the indicator we have in addition to the equilibria 
ruling in a partly ionised solution of a weak electrolyte, another, the ta utomeric 
equilibrium between the two structurally different forma. The more rapid 
rise of the curve for the indicator seems to show that this equilibrium is con¬ 
siderably shifted with increasing salt concentration towards the side of the 
non-dissociated (red) form. 

We wish to express our thanks again to Dr. C. M. B. Dobson for his kind 
help, and also to Imperial Chemical Industries for a grant towards tlie cost of 
the work. 


The Moments of the Distrihutim for Normal Samples of Measures of 
Departure from Normality. 

By R. A. Fishbk, Sc,D., F.R.S., Statistical Department, Rothamsted 
Experimental Station, Harpenden, Herts, 

(Received September 1, IIW.) 

1. The Appropriale Synmietrio Functions of the Observaiioiu. 

If ... are the values of a variate observed in a sample of m, from any 
population, we may evaluate a series of statistics such that the mean value 
of Ajp will be the pth cumulative moment function of the sampled population ; 
the first three of these are defined by the equations; 

n 

("n ~ ]) (« - 2) ® ~ *i)*; 


then it ha« been shown (Fisher, 1929)* that the cumulative moment functions 

T Distributions.” ‘ Proe 

Lond. Math. Society,' Series 2, vol. 30, pp. 199-288 (192«). 
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of the Bimultaneous distribution, in samples, of k^j may be obtained 

by the direct application of a very simple combination procedure. 

The simplest measure of departure from normality will then be 

a quantity which is evidently independent of the units of measurement, and 
in samples from a symmetrical distribution will have a distribution sym¬ 
metrical about the value zero. In testing the evidence provided by a sample, 
of departure from normality, the distribution of this quantity in normal samples 
is required. 

Hitherto the exact values of the moments of this distribution have been 
unknown, though a method of calculating the moments for large samples, 
in a series of any number of powers of has been given. It will be shown 
that the distribution may be investigated by moans of a recurrence relation, 
which yields the moments of the distribution and seems well adapted for the 
investigation of its other prop(*rties. 

2. The Recurre^ice Relatwn for y. 

For values of p from 1 to • 1, let us define by the relation 

m 

(,p “ (-fp ^*l) 4" ^ j {*n ^l)> 

or, 

* - /r, ^ ~ ^)- 

Then evidently 

Y (U = 0 

and 

S(*,-*,)» = (*„- +— 7 ) 4-’s'(a 

while 

S (*, - *,)• = (*„ - - k,) S (^*) + 8 (e), 

so that, if 

-2-cot* 0.8 (^»), 
n — 1 


von. oxxx.—A. 


e 
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we may express the ratio 


^ s (:r - m (X - h)^ 

it — * 


in terms of the ratio _ 

^ iZLzrib^liiL? s (e) -^ S*/- a^) 


Yn 


— sin'* 0 . Y„_i cos 6 sin® 0 + Vn cos® 6, (1) 

1*1/2 • » X ^ tj 


in the recuncnee relation 

n{n — 3) 

— (w-2p 

where Yw-i ^hc value of y calculated from the sample values excluding x„, 
and Y„ is the value calculated from the whole sample of n values. 

The value of the recurrence relation in this form lies in the fact that the 
distribution of 0 is indepenflent of that of whatever may be the values 

of ^ 1 ,if ^ standard eixor of the population sampled 

the distribution of 


will be 

hence if 


t “ (x„ - ki) Vnjn — 1 

1 


u Y/27r 




c=tiv'i' 

whores S stands for S (^®), since the distribution of S is known to be 

1 




(2^a)i(»-s) tLzJ. 


.gl<«- 4 . e-s/^-US, 


the distribution of c will be given by 

,, dc (2a®)-i<" 

' oV2n ' n — i 
2 

or, if 0 is cot G, the distribution of 0 is 


^r.-< 

Jo 


5(>+'*)g|(n-3»^g 


n — 3 


dc 


M - 4 - — ft*" I * 

V’td + c®)- 


df = ■—"' •f sin""® 0 d6. (2) 

v; 

independently of the value of as indeed is obvious if the sample is con¬ 
sidered geometrically. 
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3. The IHsiribtdion for Samples of S. 

Tbt; terminal values of are given by putting 0 — 0 and tc, when y^ — ± Vn 
irrespective of the values of which is indeed indeterminate at these values. 
The recurrence relation enables us also by means of a single integration to 
obtain the distribution of y„ from that of y„-i, or alternatively to obttyn the 
moments of the distribution of y„ in terms of those of the distribution of y„„j 
To utilise the recurrence relation in these ways we shall need the distribution 
of y for the smallest possible samples, i.e.^ for n — 3. 

When n — 3, we may represent the 3 deviations of the observations from 
the mean of the population by 


rr: b j- 0 COS <f>. 


a cos 


{ <k + y) ^3 = + O COS ( ^ -f , 


then the mean of the sample is 6, and the statistics and are given by 

k.j, ^ I cos^ <f) f 008“{</) h ^ 1 + 9^ + ^)| 

Iii * 3 / 3 /} 


but 


hence 


and 


h = 4 - cos'* ( <f> f y) -f- co 8 =>{> f ^)j , 

COS^ (f> - i (cos 39 ^ + 3 cos (f), 
k^ ' S cos 3(/>, 
y ?E kjc 2 ~^^^ • V 3 cos 3<^. 


For the sampling distribution of (f>, siticc 


and 

we have 


d(b,a,i>) 2 ’ 

iCj* f ajj* + ~ — ^a*, 


df- 


i_ :i Va f” 

((tV^27t)^ 2 J.., 


;i»» 


_f** «, 

e (lb \ ae . d<f>, 
Ju 


:ia^ 


wliicli on integration with respect to b yields 



and on integration with respect to a, yields simply 

1 
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Since, we have already found y as a function of we have on substitution 

Jt - (3) 


df 


TT V 3 


as tlie distributiou of y for the ease ti — 3, since y takes any particular value 
six times as ff> changes from 0 to 2/r. 

The distribution is, of course, symmetrical, and has the following even 
moments 

li, - 27/8 
^ 135/16 


(‘V-D! 

\^2h — -* 


.s*! Vtz 


4. The Mommts of y in General. 

The exact distribution for n > 3 seems not to be expressible simply in terms 
of known functions. For the moments aliout the mean (zero) of the distribu* 
tion we may proceed as follows : let be the variance of the distribution of 
y^, then squaring both sides of equation (1) and averaging over all possible 
values we find 


since equation (2) gives the distribution of 6 we may now average over all 
values of 0, by multiplying by the right-hand side of this equation and inte¬ 
grating with respect to 0 from 0 to 2?:, we then have 


V 


tt 


(n — 3)^ {n — 2) n (n 4- 2) 

(n — 1) (n — 2 )® ■ (m — 1 ) (n -f 1) (n -J- 3)' 

('« 1) (n -)- 1) (n -f 3) l” ■ ^ ^ ^ ■ 


1.3 


n® (w -f 2) (n — 31® 

(n - 2)® (n - 1)* (n + l)(n -f S)*'”"’ 


im 

(n - 2) (n - 1) (n -f 3)' 
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The variance for any particular value of n may now be found by direct 
substitution ; alternatively we may note that if 

2)^ (■»+])(«+ 3).. 




and recurrence relat ion is reduced to 


wbenc( 


(>(H 2) {n + 1) _ i l _1_ 

n(n1) " n - il 

( ■ f On -f- 12/w-. 


where C is a constiint to bo deternuni'fl from 


whence 


W’3 4 : 


\ V n 


_ _ ( a — 1) _ 

(n + 1)(h + 3)’ 

the general formula for the varian(^e of y„. 

The same process applied to the mean fourth power will giv’^e a recurrence 
formula involving the variance, for which the value found can now be sub- 
stituted ; in this way the mean values of all oven powers may be evaluated 
in succession. Writing v' for the fourth moment, we have the equation 

V ' (n — 3)* (n — 2) n {n + 2) (n + 4) (n + 6) (n + 8) ^ / 

" (n - 1)* (n -- 2)®‘ (n - 1) (n + 1) (« + 3) (« + 6) (n + 7) (n + 9) 


* / . 'IV/ tiv** • 


6 («* — n 70) n (n + 2) 


^ (n-1) {»i-2)3 • (n-2)(n-l)(n+l)(«+3)(n+5)(n+7)(n+9) 

, _ 108n« (3In» - 144w.^ + 183n + 70) _ 

(n - 2)« (n - 1) (w + 1) (» + 3) («. + 5) (n + 7) (» + 9) ’ 

or, substituting for v„_i, 

,, ! n* (w — 3)* (n + 2) (w + 4) (n -f 6) (w + 8)_ , 


(« - 2)» (» - 1)» (»-f 1) (n + 3)(» -f 5)(»-j-7)(« + 9) 
, (2»* -f- 23«» + 2«» - 237« + 70) 


(n - 2)» (n - 1) (n + !){« + 3) (n -f 5)(n + 7)(n + 9)* 
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but if 


then 


/ _ (n — 2 )^ (n 4 ~ i) + «^) 4- 0^ "f~ 9) / 

^ w^(rt—1) ”* 

U,J - «>„+,' = (2h* f 23«» 2«* - 237» + 70) 

71^ (n — 1)^ 


108 I 2 m + 23-+- 140 ^ 


n (m — 1) 


n* (m - 1)* 


)■ 


SO that 




108 ( M* + 24« + C + 


^ _ li? 1 

n 7 t^ ' 


where C is to be determined from 


so that 


w^' 480 

C ^ 149, 

^ („2 4 . 27m - 70), 


and the fourth moment of y is given by 


, ^ 108m‘^ (m - 1)- (nii 4- 27w - 70) _ 

^ {n - 2)» (m + 1) (h + 3) (n -f 5) (w + 7) (n + 9)' 

Similarly the sixth moment is found to be 

( \ — 3240n^ (n^ + + 2695/i^ - 15168n + 20020) 

(w-2)5{w +1)(«+3)...(« + 15) 

and the same method may be applied to determine the higher moments. 

From the momenta the cumulative moment functions may bo determined 
by the invariable relationships, which for symmetrical distributions become 


Ki = !i2 

3 (ia* 


X« - -- 15|X2|i4 + 30tij», 

which give us the values 


_ 6w (n - 1) 

^2 («, — 2) (n + 1) (n + 3) ’ 

1296wMw - DMw - 7) (n» + 2w - 5) 

{n - 2)* (w + 1)® (n + 3)* (n + 6) (n + 7) (n + 9) ’ 

_ 466660m* (m— 1)® (7w*'—88^“—286M*4-3284n®+1667w®—22108 h4-20020 ) 

*** (m— 2)® (m+1)* (m+3)® {m+6) {n+7) (n+9) (n+ll) (n+lS) (n+16) ’ 
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from which we may derive the ration, 

L - 2 ^ 3 (n - 7) K 4- 2n - 5) 

4 ! 2 (« — 2) (n 4 6) (m + 7) (w + 9) ' 

JL -3 = 3 (7n« — 88w» — 286w« + 3284n» + 1667wi» — 22108w + 20020> 
6!'"*'"® (M-2)a(n + 6)(n + 7)(«-|-9)(n+ll)(n + 13)(n + 15) ' 

which determine the rate of approach of the distribution of y to normality 
as the sample number n is increased. It will be noticed that changes from 
a negative to a positive sign at n == 7, and that the corresponding ratio rises 
to its greatest value about 0*024 at n 22, while the corresponding ratio for 
starting from positive values has a negative maximum about • - 0-0016 at 
n = 8, is positive again at n := 13, and reaches a positive maximum about 
-j- 0*0027 at n 32. Using the reciprocal of n as abscissa the course of these 
two ratios is shown in figs. 1 aiid 2. 
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VALUES OF n IN HARMONIC PROORESSION. 
Fia. 2.—Graph of the Ratio \ of the distribution of y 


5 . The MomeptH of the SimuUane:om IHstribution of Different Measures of 

Departure fnytn Nmmlity. 

It is obvious that the method of approach adopted in the foregoing sections 
is applicable to the determination of the moments of the distributions of, or 
more generally of the simultaneous distribution of, all measures of departure 
from normality such as 

S - 
£ - 

and so on. 

For S and e we find the recurrcince relations comparable with that already 
found for y, namely 


n (n — 3) 
{n - (n 
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^8/2^5 


I0n3/S‘„, , , „ lOw (n + 1) «® 


. (^,^2 - j .. : 


cs» 


c V 


5n»/^(n f5 ) 
(n - 2)2 


2 ■ (n ~ 2)*'* (n — 1)*« T ' m + ii 
w2 (w2 — 25) 8^ 


)y«-i 


(w - (n - l)>/2 (n + 4) 


“-n-l? 


and by a mere repetition of the algebraic processes employed above, we may 
obtain a recurrence relation for the mean value of any expression of the form 

from which the mean value in question may be derived. 

If, in accordance with the notation employed for the designation of the 
moments of the set of statistics A 3 , A^, we represent such a mean product 
^'7 

r/4" 3“ 2“"), 

where 

2r ■— 3a -1“ + be , 


80 that r is always an integer 8av(», for the odd moments which necessarily 
vanish, we may list the following formula': 


^L (3* 


6 r^ (n — 1 ) 


(n - 2) (n + 1) (n -f 3) ’ 


ti(42 2-‘) 


ti (4 3*2-») 


(i (6* 2-») 


24?i (n 1 


(n — 3) (n — 2) (n 3) (n + 6 ) ’ 


216w» (w - 1 )» 


■ (n - 2)* (n + 1 ) (n + 3) (n + 5) (n + V) ’ 


120w» (n + 5) (n — 1)» 


4) (n - 3) (n - 2) (k + 1) (« + 3) (w + 6 ) (« + 7) ’ 


a a* 2-0) 108w» (n - -f 27» - 70) 

^ ’ (n - 'If (« + 1 ) (h + 3) (» + 5) (w f 7) (« + 9) ’ 

u (4» 2“«^ __ 1728n (n -- 1)» (n^ — 5w + 2 ) _ 

’ (n-3)*(n-2)*(» + 3)(n + 5)(n + 7)(n + 9)’ 

/ge 2 -*\ 3240n» (» - 1)» (n« + 84n» + 2695w«-1616Bw + 20020) 

' (n-2)»(n+l)(n+3)(n+6)(n4-7)(n+9)(n+ll)(n-M3)(«+15)’ 


A comparison of these formulee with those already given (Fisher, 1929), for 
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the cumulative moment functions of fcg, k^, which in every case but {i(3*) 
and }i(3*) are also the moments of the distribution, shows that 


(X (4^) 
ix(432)== 
,x (5*) 


_6«_ 3 

(w — 1)(» —2)''®’ 

24n(«+l) 

( /? — 1) (w — 2) (» — 3) * ’ 

(« - 1)* (« “ 2)* *’ 

_ 120ni^ (n + 5) _ 

(n - 1) (n - 2) (« - 3) (n - 4) 


12 , 


1728n(n + l)(n^-5w + 2) ^^ « 
(n - 1)» (« - 2)* (n - 3)“ ' 


Moreover 

1x(3«)=--/c(3^) + 3kM3®) 

__ f 648wV5n - 12) . 108«» ] * 

“ l(» — 1)3 (n - 2)* (« - 1)3 (n — 2)*/ 

= 108w3 (n3 -I- 27w - 70) ^ 

(n-l)3(«-2)» 

and 

|i (3«) « (3«) + 15 k (3«) K (33) 4- 15k* (3*) 

= 3240 0 1 (22n3- llln + U2)w* 18 (5 to- 12)«» 

(„_i)6(« ._2)* (n-1 )*(m-2)* 

-L 1 

' (m - 1)* (n - 2)®/ 

324(h).* (n* + 84n* -f 2C95w3 — 15168W 4 20020 ) * 

(n - 1)* (m - 2)* '"3 • 


In every case, therefore, the moment of the distribution of y, 8, c, ..., is 
derivable by multiplying by 

_ (n - !)’• _ 

(n - 1) (n 4-1)... (n 4- 2f - 3) kj” 

the corresponding moment of the distribution of kg, kg, kg, .... Since many of 
the latter moments may be found relatively expeditiously by means of the 
combinatorial procedure, this will be the quicker method for the more complex 
product moments. For moments of high degree, however, such as (3*) and 
(3“) it does not seem easy to enumerate with certainty all the combinatorial 
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patterns, and the recurrence method, though necessarily heavy, supplies a 
valuable check. 

An analytical proof of this relationship, or at least analytical grounds for 
accepting it as general, may be found by the method of transforming the 
characteristic function previously employed in demonstrating the rules of 
the combinatoruil method. If 

^ ih.* **•) 

is the characteristic function of the simultaneous distribution of the variates 
and if 

(Ti, T«, ...) 

is that of variates 4 ^, defined in terms of Xg, by the relations 

=/l { 3 - 1 , %, ...). 

* 2 > •••)' 

then 

at tj (», 0 , where/p in the index stands for 

f i— — ) 

(/<a’ ■■■/■ 

To apply this theorem to the present case we utilise the fact that in sampling 
from the normal distribution ^2 distributed independently of y, S, e, in 
the known distribution 


]\i(n-l) 


of which the characteristic function, 




I (^df, 


Hence the general characteristic function of the simultaneous distribution 
of A,, Y, 8, is of the form 

('1 _ M 


n- 1 


where M is the sum of terms such as 
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and from this expression we must be able to derive the function 

by the action of the operator 
where stands for djdt^. 

It appears, therefore, without discussing what meaning sliould be attached 
to the fractional indices, which find in fact only zero terms on which to operate, 
that 

Jr 9 1 

ix (... rf 4 *' - (JL {... 5 ^ 4 ^ 3 " 2 ^^) , — (1 - ) 

at /g 

(X (... 5" 3“) = ix (... r/ 4" 3“ 2-') . " ^) :- iV + 

(n — 1)' 

which is the relationsliip required. 


Summary, 

Tw’o methods are given for discussing the <listribution of the ratios of the 
symmetric functions ifcg, obtained from samples from a normal distri¬ 

bution to the powers of k^ of the same degree. 

The first method consists in the development of recurrence relations expressing 
the ratios from a sample of n in terms of the corresponding ratios from a sample 
of n — 1 observations, and of a parameter distributed independently in a known 
distribution. Theoretically all properties of the general distribution could be 
obtained from these relations in conjunction with a study of samples of 3, 4, 
5 ... observations. 

The relations are used to derive the exact values of the first three even moments 
of the simplest ratio y, of the simpler non-vanishiirg moments of the 
simultaneous distribution of all the ratios. It is observed that these moments 
are very simply related to the corresponding moments of the distribution of 
given in a previous paper. 

The second method is an application of the method of symbolical operators 
developed by the author, which confirms the generality of the relationship 
found. The moments of the one distribution may thus be inferred directly 
from that of the other for which the combinatorial procedure is available. 
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The Use of Series of Bessel Fundiotis in Problems connected with 
Cylindrical Wind-Tunnels. 

By G. N. Watson, F.R.S. 

(Received September 22, 


1, There are various series of the types associated with the names of Fourier- 
Bessel and Dini which arise in the discussion of the problem of a body (the 
Rankine Ovoid ”) placed in a cylindrical wind-tunnel. Four such series 
arc 


(1) 




m >» 1 Jj* (^m®) 


( 2 ) 

(3) 


QO 



m *» 


Jj i^n/) 


aO 

S3- i: 

tn - 1 




( 4 ) 


S4 


i: Jo 

m «« I (^m^) 


where and Jj denoti'. Bessel functions of orders 0 and 1 ; kj, k^y are 
the positive roots of the equation (ka) = 0 ; kj, k,^, /Cg, are the positive 
roots of the equation Jj, (ku) :== 0 ; and, so far as w^e are concerned, r, a and x 
are positive with 0 < r < a. It may be mentioned that a is the radius of 
the tunnel while r and x are respectively radial and axial coordinates. 

It is not my object to discuss the origin of these series, which will be found 
elsewhere,'*' It is obvious that the series are rapidly convergent and are well 
adapted for computation when x is large; but convergence is slow when x 
is small and (in the case of the first and third) is non-existent when x 0, 
Mr. C. N. H. Lock, of the National Physical Laboratory, has asked me whether 
it is possible to express the series in forms which are suitable for computation 
when X is small^a problem which is evidently of some physical importance^— 
and the investigation presents various features of mathematical interest. 
Accordingly in this paper I shall show how to express the series as combina¬ 
tions of elementary functions and convergent series of ascending powers of x 

* Lamb, Aeronautical Hesearoh Committee Reports and Memoranda/' No. 1010 
(1926); Look, %bid, No. 1276 (1930). 
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and r with coefficients iu forms which are fairly well adapted for 
computation. 

2. If ii, Ja, Ja, denote the positive zeros of Jo(?^). we have 

W — V "Iq xfa 

^ t 2t A \ 
m - I Um/ 

Now tlie function* 

inw (Jo (w) Yo Yo (w^)}/Jo M 

has simple poles at each of the points w ± and it is one-valued and 
analytic at all other points of the i«-plane ; and its residue at^*„, can be proved 
to be Jo 0>/a)/J.j2 (jj. 

Hence, by Cauchy’s theorem, 

__L r‘ -Tn (w) Yn (rwla) - Jg (w/ff.) Y„ (w) 

2r:i J Jo (w) 

where the path of integration is the imaginary axis ; the integral taken along 
a large semicircle on the right of the imaginan^ axis t(jnds to zeio when the 
radius of the semicircle tends to infinity through values such that t in* semi¬ 
circle avoids the poles of the integrand. 

Now, introducing the modified Bessel functions, we have 

Yq (± it) — ± Ho (t) — -Ko {f) ; 

TZ 


»ud so, replacing w by ± it on the two halves of the inatginary axis, we get 

Si = i [“ (^iia) di 

"TC J0 J o 

= 2(f2+ a;2)3/i “ A 

the value of 

1 (rlja) sin {xtla) dt 
Jo 

being readily obtained by differentiating Basset’s formulaf 

fcos 

Jo y(l -j- ¥) 

and making a slight change of notation. 

• Cf. Wateon, “ Theory of Bewel Functions ” (1022), § 18-21 (3). The notation of that 
treatise ie used throughout this paper. 

t “ Hydrodynamios,” vol. 2, p. 32 (1880); or Watson, loc. cit, § 13-21 (10). 



Cylindrical Wind^^Tunnels, 


31 


Now consider the remaining integral; to justify expanding 

Iq {rtla) sin {xlfa) 

in ascending powers of tja and integrating term-by term, we observe that the 
terms of the series so obtained are numerically less than those in the corre¬ 
sponding series for l 0 (r//a) sink (ict/a), which are all positive. Now the 
integral 

/o low 

is convergent when r f ^ 2 a, and so the given integral is expressible as 

an absolutely convergent series when r + a: < 2 a, the series being obtained 
by expanding lf^(rtja) m\(xila) in ascending powers of //a and integrating 
term-by-term. 

The result of this opc'ration is tbci (‘xpansion 


where 

( 6 ) 


a^x 

X)X 

A 4 X 1 r“ 


V' 

r^x^ 

. \ 

2 (r« + 

.j-iyi-i a 


b 

64 

24 



..... 



jfL ) . 




a' ' 23(tl 

m ' 

480 

5040' 



•)> - 

1 f pKoW 

flf _ 

1 

r (It 




75 Jo io (0 

( 2 n 

-I - l):t 

Jo VW’ 




by a partial integration, A method of computing the coefficients will be 
obtained in § 3. The integrals in {(i), so far as I know, have never yet been 
investigated. 

By a more elaborate investigation it can be proved that tlie expansion on 
the right of ( 6 ) is convergent and is equal to Sj over the more (fxtensive range 
of values of r and x for which 
(7) f < 4dK 

Take next the series 


An investigation resembling that already given shows that 

s, * _ -L r (w/g) - Ji(m/a)Yo M 
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where the contour now has to have an indentation bo that it passea on the 
right of tlie origin, since the integrand has a simple pokr there with residue 
— aji\ Making tlie radius of the indentation tend to zero and combining the 
integrals along the two halves of the imaginary axis as before, we get 

^ 1 f* Ip (t) K; (rt/g) + 10 «in (xt/a) dt 

^ 2 r IX Jo IpW 

= —- — - ■ ~ It (W/rt) sin (xtja) dt, 

2 r 2rV{r^ + x^) ni„ 1 „ (t) ' 


X 4 rx/ x^\ Af^rxi \ 


and hence 


' ' 2r 2r(r2 + x2) 2a^ \16 W \38i ^>6 *240/ 

_ X^rx / 7^ r^x^ . x® \ 

~a^ *18432 2^ ~ TOOSO/ “ " ’ 

the range of convergence being given by (7). 

Take next the series S 3 ; if jj, 2 , j,.s .denote the positive zeros of 

Jj (ic), then 


8 , S 


n.^m) 


'I** ( ji, I 


and the general term of this series is the residue at ^ of 
Ji (w;) Yq (rw/a) — Jn (rwla) Y, (w) . 


Hence. 


L [** Ji Yn {rwla) — Jn (rw/a) Y, (m>) 


j_ r* 

2 wi 




the contour having an indentation at the origin since the integrand has a simple 
pole there with residue 2 . 

Modifying the integral as in the investigation of 83 , we get 

s. = - . + 1 L MK.W/a) + r,W»)K,(,) , ^ 


= - 1 + 


2 (r* + 


Mo ^^^oirlla) Bin {xtja) di. 
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Consequently 

+2(r*-l-xV/*^ir o»\4 C/^a^W ^120^ 


figy i . r^jc^ _ ^ 


where 


4- Cfil _ 4-1— — 4- 

\2304 384 480 5040/ 


^Jo lx 


(0 {2» + l)7r Jo Ix^W 


and the range of convergence is given by (7). A method of computing the 
coefEicients pi^n will be obtained in § 3 . 

Lastly, take the sei it^s ; we have 


and hence 


- 2 t..-i. ^10. 

w«» I jx. ( jl .m) 


S = JL Jl (»') Yi irw/a) - J, (m/g) Y, (t/Q i 

the contour having an indentation at the origin suice the integrand has a 

simple pole there with residue - — 2 . 

a r 

Modifying the integral as in the investigation of Sg, we get 


, 1 r h it) Kx W-Ii irt/a) K, (t) 


(xija) d( 


ttJo J, (/) 


2ar 2r \^(r^ + a-*) tt 


Consequently 

( 11 ) S* = -5! 


.Ji£f ifilf/l! _^'l 


2 rV'(»'* + !»*) ‘Ja* «■* \16 12-' 


_ iis !2 / ll l!*! 4 - 

«« \384 96 240/ 

_ hbTx I y* _ ea;* , 

a* \18432 2304 1920 

the range of convergence being given by (7). 
Now let 


\ 

10080/ 


A {r, X, a) 


T-V-, /*(r.9>,t») = -5-^ 

2 l _ — — 1 


l+Sj 


+^s; 


VOL. 0XXX.—A.. 
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It was mentioned to me by Mr. Loe-k that, if wo, considered the problem 
in which the barrier formed by the tunnel was absent, we might anticipate that 


lim (r, X, a) 


lim (r, X, a) 


2(r* + x*)’ 

and these conjectures arc confirmed by the expansions which have been 
olitained. lie also suggested the possibility that 

\ I.U{r,x,a) A j 1 +f 2 (.r,x, a) A 

U +/i (r, a;, 00 ) ,1’ r® ll+/jj(r, a:, oo) /’ 

might tend to limits when a > » ; and, in fact, it is not difficult to deduce 
from the vixrious expansions that 


]i,n Hl ll±A±iiA i) 
« il +/) (r. x.'xi) ./ 

li™ 

r* U 4- /afr,®, oo ) ) 


r 

•2 + 7^) 


3. We ar(i still faced with the problem of reducing the constants Xgn and 
to forms suitable for computation; the Eiiler-Maclaurin sum-formula is 
useless, and the similar, but more powerful, suiniiiatory foniiula due to Plana 
needs considerable modification before it can be used. It therefore seemed 
advisable to construct a direct method which gives results of a type which 
would be obtained much more laboriously by modifying Plana's formula. 
The method is applicable to the more general integral 

i r 

7^*0 l.MO 


(where r is any of the integers 0, 1, 2, 11, , and* v> -- 1), which we now 

show how to evaluate as a fairly rapidly convergent series. 

The initial step consists in expressing*!* 

jf2'+2r 

(0 cos (tzI/cl) 


as a sum of partial fractions, wln^re a is a positive constant which will be fixed 
later to suit our convenience. 

It is easy to see that 

1 r__ 

2ni J(?/^ - l/“ {w) cos {Tzwjai) ’ 

♦ It is unnoceBsary to mstrict p to integral values. 

t The axjtual generalisation of Plana’s formula is obtained by replacing the cosine by 
a sine; the use of the cosine makes tho analysis and the resulting formula slightly simpler* 
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when taken round the circle j w j ™ R, teiidH to zero when R tends to infinity 
through a sequence of values such that the circle never passes through any 
pole of the integrand. The polos are 

± ij„„ w ^ ± (n + I) ot, 

where* , are the positive zeros of (w); and m 1, 2, 3, , 

n=:0, 1, 2, ... . 

It follows that the sum of the residues of the integrand at all of its poles is 
zero. The residue at iv t is 

f2i'^2r 

1 / {t) cos (ntjx) * 


the residues at te -- ± (n 4 |) a are 

7t (ncc |a T t) (nx -f- Ja)' 


and the residues at tc ^ ± ar<* 


JVi (i«) W8h injja.) 


I 3 m 

Uj„, ± »>)=* 


2v + 2r -I-1 — (Tt ?,„/«) tauh (niJa) 
3 m dr it 


Consequently 

_2 ® (-)'‘(rt -t- !)».■+»’• *-iaa-+2’-+a 

(<) cos (wi/a) 7t „ _ 0 {(na + i*)* - I.* («« + Ja) 

00 A 2»' + 2y 

+ 2 ( —)'■ S -- 

,ft „ 1 J*.+i (i,„) cosh (Tcy„/a) 


X 


3,n — -I- 1 — (TCi,„/a) tanh (T;//^/a ) 


Multiply by cos (7T</a) and integrate ; it follows that 
f* ? V (-)" {n + r COB (7c/./a) dt 

J _« I^* (() t: „ _ 0 I.* («a + ia) J -« (na -f |a)* — 

-W2(-r i ri* (im»-t")C08(^</«)d/- 

^«-iJVH{iJco8h(niJa)Li-« (in.* + a* 

- {2v + 2r + 1 ~ (7ty„/a) tanh (nj„,/a)} ( . 

* It would be more preoiee to write w in place of jm ; but the omiasion of the sufiix v 
will not lead to oonfuaion and will simplify and improve the appearance of vaiiouB formtiJse. 

I) 2 



36 


CylinxlHcctl Wind-Tunnels. 


Now 


f oo 

—<» 


(;QS (Tc//a) dt 

(na H~ -^a)® 


ij- 

a J 


co s nudu 
(n + ^)* ~ 


1 


2a (n + 

(-)" 

2a (n + -J) |_J -® f 


(" - 

v- 


cos 7r/v f/w 


(n 4" 4) 

“ HinKi dt I j“ sin nt dl ^ 


r® C 08 7 CW du 1 

J u — (n + i)J 


aDcl 


a (n + |) ’ 

f* »y.w. 

J—oo Jfn 4 * ^ ,?«f 

(• =• ^ (- -j. w,- 

J-« (jm + <*)“ « 

It is consequently evident that 


p (2p+8r ,ll 

]-«TTW 


y ( W« + 

* „ „ 0 ii(not + ia) 

.1, 2T:(-r i ' 

^ «, = i J*H.i(iJco8h(Tcj„,/a) 


X inj,„/a) — (2v + 2r + 1) + {njjx) tanh (njja)], 


and therefore 


1 r ^ a * (na + 

TC Jo Iv*(«) n n-o IpMna+4a) 

+ £ i22r2 \—bJ^ 



which is the desired result. 

The first of the series on the right converges rapidly when a is large, the 
second when a is small; but it is more tedious to compute the terms of the 
second series than those of the first. A reasonable compromise appears to be 
to take a » 1. 
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The following results were obtained by taking a -- 1 , and were checked by 
taking « = 1 - 2 : 

t^dt „ I I"** 

w Jo Jo* 


0-«177337. 


3-2942841, 


i f* i 

Tt Jo Ig 

- r = 2-3904725, i ("6-0023517. 
ttJo liMO tvJoJiMO 


From these results it follows that 
Xj 0*2059112, 
ti.2 -- 0-7968242, 


X 4 0 -6588568, 
(i-i 1-2004703. 


I must express my thanks Mr, Lock for bringing to my notice the proWems 
discussed iu this paper. 


Thunder-storms and the Penetrating RadiMion. 

By B. F. J. ScHONLAND, M.A., Ph.D., Senior Lecturer in Physics and Fellow of 
the University of Cape Town. 

(Columunicated by C. T. R. Wilson, F.R.S.—Received September 3> 1930.) 

[Platk i.j 

§1. Introdmtim, 

The possibility of a connection between thunder-storms and the penetrating 
radiation was first suggested by C. T. R. Wilson,* who pointed out that the 
I>owerful fields within thunder-storms should exert an important accelerating 
effect upon p-particle« produced by the disintegration of the radioactive 
material carried in the air. He showed that many of these particles should 
gain far more energy from the field in traversing a given distance than they 
lost in ionisation, and that tliey might thus acquire a very considerable fraction 
of the energy corresponding to the fallof potential, of the order of 10® volts, 
between the poles of the cloud. He examined the effect of close encounters of 
these accelerated particles with atomic electrons, resulting in the ejection of 
fast secondary particles, and also the action of ordinary nuclear scattering, 
and found that neither of these would seriously interfere with the accelerating 
process. The secondary electrons, indeed, would often be emitted with 

* ‘ Proo. Camb. Phil. Soo.,’ vo]. 22, p. 534 (1925). 
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sufficient energy and in a suitable direction to be accelerated them»elves. An 
occasional encounter with an atomic nucleus at a distance at which the inverse 
square law of force failed to hold would be the only possible manner in which 
the process might be stopped, but such an encounter would be so rare that 
the [i-particle would have acquired a very considerable amount of energy 
before it 0 ( currtal and this might be radiated as a penetrating y-ray quantum. 
“ Th(^ general effect of an accelerating field is that a fl-particle, instead of 
dying as it were a natural death by gradual loss of energy, is continuaUy 
acquiring more and more energy and increasing its chance of surviving all 
accidents other tlian direct, encounters with the nuclei of atoms.”* In this 
paper these accelerated particles will be referred to as runaAvay electrons, a 
description first ajtplied to them b}'^ Eddington.t 

Interest in this suggestion, which, as Wilson pointcid out, might bear on the 
question of the origin of part at least of the penetrating radiation, is heightened 
by the fact that recent, estimates of the energy of this radiation considered 
either as y- or (i-rays give results of the order of 10* e.-volts. 

Since the fields which prevail within the majority of thunder-clouds are 
directed downwards, an upward-moving beam of runaway electrons is to be 
anticipated, passing into the upper air through the top of the cloud. A direct 
test of the exist(!nce of this beam would be very difficult, but it seemed probable 
that the effect could also occur in the upwardly directed or negative field 
between the base of the cloud and the ground. In this case u downward- 
moving beam could be expected and might be detected by its ionising action 
at the earth’s surface, Measurements of the fields below South African thunder- 
stormst have shown that they are practically always negative in sign and 
though reduced in strength at the ground by the presence of positive ions 
arising from point-discharge, they should attain the magnitude necessary for 
the prodtiction >f the effect over a considerable region below the base of the 
cloud. 

Given a sufficiently sensitive method of measuring the ionmtion within a 
closed vessel, one might therefore hope to detect the presence of downward- 
moving runaway electron beams by an increase in the ionisation whenever 
the field below the cloud approached the critic*! sparking value. Such 
electrons would have an energy of the same order as those projected upwards, 
10* e.-volts, and a probable range in air at N.T.P. of 7-7 km. They should,' 

* *Proc. Camb, Phil, Sot;./ vol. 22, p. 534 (1925). 

t ‘ Nature/ Suppleoumtu May 1, 1926. 

X behonland, * Proc, Boy. Sth)./ A» vol. 118, p. 233 (1928), 
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therefore, easily peaetrate the walls of an ionisation vessel and produce some 
40 ions per centimetre? of path in ordinary air* 

Experiments of this nature are described in this paper, which have yielded 
a negative result in so far as downward-moving runaway electrons are con¬ 
cerned. At the same time an effect of opposite clmracter has been found, for 
it appears that a thunder-storin is sometimes able to stop a very large fraction 
of the ordinary penetrating radiation which passes through it. 

As the electrical conilitions in a thunder-storm alter rapidly, the investigation 
of these two qijestions requires an extremely sensitive method of measuring 
the ionisation. Even the observathni of integrated effects must be limited to 
n space of time which is unusually short in penetrating ray raeasureTueats, for 
the cloud is seldom stationary overhead. Such short period observations 
introduce difficulties because the ordinary fine-weather ionisation itself 
shows fluctuations due to various causes, and the to(ffiniquo of the measure¬ 
ments thus raises problems which do not usually occur in observations of the 
intensity of the penetrating rays. 

§ 2. Apparatus, 

The apparatus used to measure the ionisation was based upon the well- 
known principle of an ionisation-chamber with an electroscope loaf attached 
to its central electrode. This electroscope, which has Ix^en described else¬ 
where,* consisted of a very light mirror of silvered mica hung by two fine 
gold-leaf hinges from a bridge on the electrode. Its movement was observed 
by means of a lamp and scale instead of the usual microscope, and this fact 
gave two important advantages to the arrangement. In the first place there 
was no restriction placed upon the volume of the ionisation vessel, which could 
be made as large as was desired and could contain a wire cage of the type 
introduced by Hoffmann.f la the second the mirror, and so the capacity of 
the central electrode, could be made very small without loss of voltage sensi¬ 
tivity since only the angular movement of the leaf was involved. In this 
way the electroscope could be made suffiiciently sensitive to show the effects 
of individual a-particlcs upon the ionisation, the spot of light showing sudden 
measurable jumps when a-particles occurred. 

These featitres of the measuring system made it possible to overcome one 
cause of the fluctuations referred to in the previous section, namely, the 
probability variations in the number and the ionisation due to a-particles, 

♦ Schonland, ‘ Proc. Camb. Phil. Soc,/ vol. 25, p. 340 (1929). 
t ‘ Ann. Physik; vol. 80. p. 779 (1926). 
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by ebioiiuiting these main sources of the residual ionisation altogether. Tha 
use of a wire cage at a distance from the walls of the vessel pn^per, cmnbinod 
with a filling of carbon dioxide from a gas-cylinder, cut down fhe number of 
at-particles to about one in every 2 or 3 minutes, and the effects of those that 
remained could be directly determined and subtracted from the total ionisa¬ 
tion. 

The ionisation chamber, shown in fig. 1, had an outer casing of cast iron 
6 mm. thick, in the form of a cylinder of internal diameter and height both 



28 cm. The top, which was 10 mm. thick, was secured when in use by eight 
nuts pressii^f it upon a rubber gasket, and could be removed to enable cage and 
central electrode to be lifted out. The cage was another cylinder, of diameter 
end height both 15 cm., and had a volume of 2 -66 litres. It was made of mc- 
eoated mte 0*15 cm. in diameter with gaps measuring 6 cm. by 6 cm., and it 
was soldered together with pure zinc. It was hdd in position by four legs, 
three of which were pushed into ebonite sockets, while the fourth, L, entered 
a brass holder which made electrical connection with a termimd outside 
through an ebonite bushing. It was best cleaned of radioactive deposit by 
scritping wirii a razor blade. 
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At the centre of the veesel was the electrode E, caxrymg the hinged mirror 
and supported on a quarts rod of diameter 2 * 0 mm* This rod was held in a 
small straight-jawed chuck S* The electrode was made of chemically pure 
zinc and in shape was a rough sphere of diameter 7 mm., the face next the mirror 
being flattened. A small hole in the base of E fitted on to the conically ground 
top of the quartz rod so that the electrode could be quickly removed for 
alteration or replacement* Charging was done by means of the vacuum 
windlass W, made entirely of brass, which raised or lowered a steel rod at the 
end of which was a springy platinum contact C. A light spiral of copper 
wire ensured good connection by joining this contact to the outer case. 

The electroscope leaf was a rectangular strip of mica thin enough to show 
Newton’s colours and measuring 3 mm. by 2 mm. It was silvered on both 
sides and the movement, which took place in a vertical plane, was observed 
with the aid of a lamp and a semi-transparent scale. Since these mirrors 
possess cylindrical curvature, the lamp was fitted with a converging lens in 
front of which a fine slit could be rotated until its length was perpendicular 
to the axis of the cylinder. A very sharp line could be obtained under these 
conditions, and by observing a fine diffraction band within it through a suitably 
mounted short-focus lens, measurements could usually be made with an 
accuracy of the order of one-tenth of a millimetre. 

The whole instrument could be tilted about a horizontal axis by means of a 
tangent screw in order to increase the sensitivity of the leaf. The voltage 
sensitivity employed varied between 15 and 25 mm. per volt with the scale 
at a distance of 1*5 metres. The supporting framework of the instrument 
rested upon three large rubber tiorks to cut out the effects of vibration, and 
the outside was covered with a thick layer of cotton-wool to avoid disturbances 
of the leaf by air-currents caused by sudden changes of tennwature. Fig. 2, 
Plate 1 , shows the completed instrument, with cage and electrode removed. 

The vessel was filled with C ()2 from a high pressure cylinder ; fresh gas was 
streamed through it for 10 minuUis and it was then shut off at a pressure a 
few millimetres above that of the atmosphere, usually 62-3 cm. This stream¬ 
ing through was carried out every morning, for it was found that th(s radio¬ 
active content of the gas in the chamber, as indicated by the number of 
a-particle jumps, grew slowly with time. This was presumably due to an 
evolution o{ enmnations from the walls of the vessel and has previously been 
noticed Hoffmann;* The gas was dried by means of P 1 O 5 in the shallow 
dish H ahd premrre was read on a mercury manometer. 
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The outer case and the central electrode w^ere positively charged to a potential 
of about 400 volts, the former being permanently connected to the battery. 
The cage and the negative end of the battery were earthed, thus there could 
be no photoelectric emission from the zinc electrode E under the action of the 
beam of light. The distance between the cage and the walls of the vessel was 
5*0 cm., so practically all the a-particles from the walls were stopped before 
they could enter the space within the cage. 

The measurements were made during the summer of 1929"30 at Johannes¬ 
burg, 1780 metres above sca-level and 8-5 equivalent metres of water below 
the top of the atmosphere. Two r‘ompl(*te central electrodes E, with mica 
mirrors attached, were carried without damage on the train journey of 1,000 
miles from Capetown. They were mounted in glass tubes as sliown in fig. 
1 (a). 

Through the kindness of Prof. Paine, the apparatus was installed in an upper 
room in tlie Physics Department of the University of the Witwatersraiid. The 
walls to north and east were of brick (40 cm.) and concrete (20 cm.) w^hile those 
to south and west were of brick alone (15 cm.). The roof was made of iron 
sheet 0*3 mm. thick and the ceiling of asbestos 2*0 mm. thick. Screening 
from local y-xadiation was effected by placing the instnament on a large iron 
slab 9 cm. thick and surrounding it with a rampart of iron blocks 15 cm. thick, 
as shown in the figure. This left the chamber open to a vertical cone of half- 
angular aperture 66® measured from the central electrode. The question of 
local radiation is further discussed in § 8. 

§ 3. Obsert^aiions of Electric Fields. 

A simple arrangement was installed in order to be able to correlate changes 
in the ionisation cun'ent with -changes in the electrification and distance of 
the storm. A small pointed lightning conductor fixed in insulators on the 
roof of the building was joined by cable to one terminal of a d’Arsonval galvano¬ 
meter, the other terminal of which was earthed. One could infer the sign and 
general order of magnitude of the electric field below the cloud from the deflection 
due to point discharge currents, though no absolute determination was possible. 
In addition, sudden ballistic kicks showed the effects of the sudden changes of 
field caused by lightning discharges and these were used to obtain the lightning- 
thunder interval and hence the distance of the storm. 

Further information on the electrification of the clouds w^as obtained from a 
continuously recording electrometer with a radioactive collector and from 
photographic^records of the field changes made with a capillary electrometer 
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by th« method of C. T. II- Wilson.* These two instruments were being used 
by Mr. E. L, Halliday in an investigation of the polarity of the thunder-clouds. 

§ 4 . Method of Ohservatiov, 

The time of a complete observation was fixed at 10 minutes and during this 
period a continuous watch was kept upon the spot of light, its position being 
recorded every minute and a note being made of each sudden jump due to the 
occurrence of an a-particle. Calling I) the total movement during the 10 
minutes and Sa the sum of t he effects of tlie a-particles, the quantity D — Sa 
should represent the ionisation due to the penetrating radiation, plus a small 
residual ionisati('kn arising from local y-radiation which will be discussed later. 

The observations were made f)y eye and were very tiring. The apparatus 
has since been adapted for j)hotographic recording and fig. 3, Plate 1, shows 
the nature of the movement and some> a-particlc jumps. This rctsord was 
taken at sea-level with the instrument unshielded. 

While one observer watcduMl the scale, a second observer called the minutes 
and wrote down the r(iadings and the a-particle jumps called out by the- first. 
This second observer also made a record of the deflections and kicks of the 
galvanometer and of the distance of the storm. An example of the record of 
such a 10-minute observation is shown below. 


Table 1.—Record of a lO-minut^e Reading. 


i 


fcJoaJo I 
reading. j 


0 

1 

2 

3 

4 
6 
6 
7 
B 
9 

10 


mm. 

1320 I 
127-7 
m-7 ! 

188*6 
lU-8 
111-2 
107-3 
103-0 I 
99-6 I 
90-2 I 
92-9 I 


a* particle 
jumjiB. 


mm. 

1-2 

1*3 


0-4 


{ 1 -minuU' 

: movomonts. 


(lalvatv 

omot-or 

reading. 


iSigik ef 
field 
changes. 


Liightniug- 

thunder 

interval. 


; turn. 

i 3-1 

! 3-7 

: 4-2 

1 3-7 

» 3-6 

1 3-9 

3*4 
3-9 
3-4 
3-3 


cm. 


soconda 


—, , —, -- 
-5 ) 

.7 i 4 

-n ! H- 

10 . ~ 14 ! 

- S. - 11 , - 14 ’ 

— 11 j “h 

0 , __ 2.-11 i -I- 

...14 i 

-10 j I 


18 


20 

22 


17 


D 39-i mm, 

Sa «* 2-9 mm. 

[B — J?aj/10 3 *62 mm. per minute. 


Prtwailing field : sti*ong negati\-e. 
Distance of atorm, 6 to 6 km. 
Pmeeurts 62 -26 mm. 


• Wilson, ‘ Phil. Trans.,’ A, vol. 221, p. 73 (1921). 
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Tho fourth column in this table shows the movement which took place 
during ea(ih single minute, corrected for the a-parti(de efleets which occurred. 
Though these I-minute readings were not used in finding D — La, they proved 
of value in connection witli the question of short period fluctuations and in 
otlu;r ways. 

The a-particle jumps were easily distinguishable on account of their extreme 
suddenness and after a little practic^e one could feel confident of determining 
each with an accuracy of ± 0* 1 mm. The average number of jumps occurring 
in 10 minutes was four* and the ratio of Sa to the total fall I) about 1/1II, as 
in the example given in the table. Even if an error of 0*2 mm. had been made 
in the same direction in estimating eatdi jump in this example, the error in 
I) — La would have heen no more than O-fl mm. in 36*2 mm. or 1*6 per cent. 

As a direct check upon the accuracy of the method, we may compare the 
rate of fall during periods fi*ee from a-particlcs wdth the corrected rate* during 
periods in which jumps occurred. Thus in the case shown in the table, the 
seven imdisturhed minutes gave an average rate of 3*64 mm. per minute, 
while the three disturbed minutes gave an average corrected rate of 3*57 
mm. per minute. This agreement is partly accidtmtal, for one would expect 
fluctuations over such short periods, and a more satisfactory comparison, 
made with a larger number of readings and avoiding thunder-storm periods, 


is given below :— 

Total time of observation. 210 minutes. 

Total fall, I), . 867*6 mrn. 

Total a-particlc effect, 2a ... 74*9 mm. 

Corrected total fall, D — 2a . 792*7 mm. 

Undisturbed period ... 145 minutes. 

Fall during undisturbed period . 552*5 mm. 


Calculated corrected total fall in 210 minutes 552*5x210/145::^'800 1 mm. 

Error in observation of 2a, 800*1 —792*7 mm. -4^-7*4 mm. This error 
is 10 per cent., and it appears that the average a-particle jump of 1*0 mm. has 
been underestimated by 0*1 mm. »Since the corre^cted rate of fall during the 
whole 2J0 minuter differs from the rate during the undisturbed period by less 
than 1 per cent, it is clear that the expected accuracy has been attained. It 
will be shown in § 6 that fluctuations in the intensity of the penetrating rays 
themselves are responsible for uncertainties a good deal larger than this, 

* G. Hoffmann {loc. cit,} found 3 per hour in 250 c.c. of COj equivalent to 5 per 10 inirvutes 
in the present case. 









Thunder-$torms and Penetrating Radiation, 


45 


In the earlier stages of the work the a*particle effect was larger, the ratio of 
]Sa to D being about 1 /7, and the values given above refer to observations made 
after January 21 (storm 10) when the number of a-particles had been reduced 
by half as a result of cleaning the inside of the cage. 

After a lO-minute observation the electrode was recharged, so that all runs 
were taken over the same portion of the scale and involved a fall of potential 
of about 1*5 volts. The insulation provided by the quartz rod was tested by 
comparing measurements made when the case and the lower end of this rod 
were at the original charging potential V, with others when they were at 
V - 20 and V — 40 volts, but no appreciable difference was observed. A 
soaking-up effect was noticed on first charging the electrode and this was 
avoided by keeping it permanently charged, day and night, except during an 
actual observation. 

§ 5. SensUiviiy and Redmlion tWtor for lovisation. 

Itistruments of small capacuty present well-known difficulties in tlie accurate 
determination of the factor to convert scale readings into quantities of electricity 
and thence to ions per cubic centimetres. In the present case not only the 
capacity but also the voltage sensitivity was difficult to determine accurately. 
The charging rod was designed in the first instance to prevent any possibility 
of damage to the mirror, and the distribution of the charge on the electrode 
with and without the charging rod in contact were not the same. Since, 
however, an accurate absolute value of the intensity of the penetrating rays 
was not aimed at in these experiments, the results given by the two methods 
of determining the reduction factor which are detailed below are close enough 
for the purpose in view. 

(I) Calculation of the capacity C from the geometry of the electrode and 
cage, coupled with a direct determination of the potential difference v which 
caused a movement of one scale division. The product Cr then gives the 
quantity sensitivity, for the change in C which arises from the movement of 
the leaf during an observation is insignificant. Taking account of the fact 
that the mirror and the bridge which holds its hinges project slightly from the 
electrode the value of C has been determined as 0 • 42 ± 0 • 03 cm. To obtain v 
the usual large charging contact was replaced by a long thin wire arranged to 
touch the top of the electrode and so to cause a minimum of disturbance of 
the distribution of charge. This value of v was several times altered in the 
course of the work by using the instrument at different tilts.* The maximum 

* The value of v did not vary by more than 1 per cent, over the portion of the scale 
used in the observations. 
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value employed, 0*04 volts per millimetre, corresponded to a quantity sensi¬ 
tivity of 5*6 X 10”® e.s.u. per millimetre, or, dividing by the electronic charge, 
1-17 X 10® ions per millimetre. 

(II) Calibration with a standard source at a known distance, using 

Eve's number, N, to calculate the ionisation per cubic centimetre, and allowing 
for absorption in the walls of the vessel and the air. This method involves 
uncertainties in the exact value of N and in the degree of saturation attained 
in the chamber. A number of meaBurements were made with a rad ium standard 
(4 • 72 mgm.) at a distance of 4 metres. Taking N as 4 • 10 X 10^, and the degree 
of saturation as 100 per cent., it was found by this method, that in these 
experiments the quantity sensitivity was 2-10 X 10® ions per millimetre. 

The voltage sensitivity was at the same time determined as 1 /17 volts per 
millimetre, so that the quantity sensitivity calculated by method (I) was 
1-73 X 10® ions per millimetre. 

The a-particle jumps themselves give sonui information on the question of 
quantity sensitivity, for the total ionisations caused by a-particles of various 
origins are known. Here, however, the uncertainty is in the degree of satura¬ 
tion attained in the chamber, where the radial electric; field varies from 1200 
volts per centimetre at the electrode, to 3*6 volts per centimetre at the 
boundary. Thus the degree of saturation and the effect caused by ati 
a-particle depend very much upon the position of its track. It can be shown 
from Moulin'fl* results that the most favourable conditions for a radium C' 
a-particle of range, in COg at 62-3 cm. pressure, 5*4 cm., will arise if it just 
grazes the central electrode at the middle of its range, when an average degree 
of saturation of about 75 per cent, will be attained. The following table 
exhibits the distribution of 535 a-particle jumps, observed under conditions 
of constant sensitivity, in respect of their size. The first column gives the 
range of each group of jumps, and the second the number found to lie within 
each group. In the last two columns the jumps which would be caused by 
the various possible a-particle disintegrations are given and placed opposite 
the groups into which they would fall. For these calculations a degree of 
saturation of 66 per cent, has been assumed and a quantity sensitivity of 
1*63 X 10® ions per millimetre, determined by method (I) for the value of v 
(1/18 volt) which was used. 

The distribution of the jumps fits reasonably well with the presumed origin 
of the particles. The large number of small jumps is due to a-rays whose tracks 
are only partly within the cage. Only 14 jumps, 3 per cent, of the whole 
* ‘ C. R.,’ vol. 148, p. 1767 (1909). 
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Table II.—Distribution of a-particle Jumps. 

i i 

Jumps bot wfjen 1 NumlK^r. i Possible origin ((j5 per cent, saturation)* 


0*05 and 0*25 mm. 
0*25 and 0*45 mm. 
0*46 and 0*65 mm. 
0*55 and 0 *86 mm. 
0*86 and 1*05 mm. 
1*06 and 1-26 mm. 
1*25 and 1 *45 mm. 

1 ‘45 and 1 85 mm. 

1*65 and I *K5 mm, 
I • 85 and 2 -05 itiin. 
2*05 and 2*25 mm. 
2*25 and 2*45 mm. 
|>2-45 nim. 


I 

i 

■ I 



47 

65 

57 

78 

128 

83 

37 

26 

10 

1 

2 

1 

0 


I 


;/ 

\ 


Ka Km . 0*61 mm. 

Ra A . 0*66 mm. 

RaCr . 0*87 mm, 

Th C/ . 1 *00 mm. 

Th Km Th A . 1*46 mm, 

Ao Km + Ac A. 1*69 mm. 


number, give larger effects than are accounted for in column 3, and some of 
these arise from observational error in counting two close jumps as one. The 
double disintegration, Th Em followed by Th A, was fairly often observed 
as a pair of jumps separated by a tinu? intoval of the order of 1 /5th of a second, 
and usually recorded as a single jump. 

§ 6. Flucitiations in the Iniensily of the Peneiraling Rays. 

In connection with Table 1, it has already been pointed out that the method 
of measurement allowed of the determination of the ionisation produced during 
single minutes. For minutes during which no a*particles appeared this could 
certainly be done with an error of less than 5 per cent., and yet it was found 
that fluctuations amounting to more than 20 per cent, of the mean value were 
occasionally observed. These must be ascribed to probability variations in 
the number of ionising particles. 

If Z is the average number of particles arriving in a given interval of time, 
the mean relative fluctuation e' in the ionisation is ]/\/Z,* supposing that 
each particle contributes equally to the total ionisation. In the present case 
this condition is not fulfilled, since the ionisation chamber is not spherical and 
the rays are incident at various angles. The value of t therefore becomes 
Vl 4- £"®/VZ, where c" is the mean relative fluctuation in the effect of a 
single particle.*** 

To examine this point, I have taken the individual minute readings from two 
series of fine-weather observations, made under conditions of high sensitivity 
* Meyer and von Sohweidlor, Radioaktivitfilt/* 2iid ed,, p, 44. 
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and excluding minutes disturbed by a-particles. The relevant data are shown 
in the following table^ i!i which the third column is obtained by multiplying 
the figures in the second by 2 • 28/2*58 to eliminate the residual ionisation (§ 8). 


Table IIL—Fluctuationfi in Intensity during Single Minutes. 


1 

Niimber of single ; 
minute 

observations. | 

Mean movement in 1 minute. 





Moan 

z 

Observed. 

j 

1 Corrected. 

Suctuation. 

! 

(oaloulated). 


j mm. 

1 i 

mm. 

mm. 


05 

I 3*59 

3*16 

0*22 

206 

48 1 

1 4*10 j 

i * 

3*64 

1 0*26 

197 


The value of Z in the last column has been calculated assuming e" to be zero. 
The individual observations are found to fit fairly well to the Bateman*** 
Z” 

formula e”* for the probability of the appearance of n-particles in 1 minute. 

ilL 

taking Z to be 200. Estimating e" to be 0*40 would raise the value of Z to 
230 particles per minute, and this would mean that the rays fell upon the 
ionisation chamber at the rate of between 0*01 and 0*02 particles per square 
centimetre per second. Bothe and Kolhorsterf have given 0*01 for the value 
of this quantity at sea-level and it should be about double at this height. 

The importance of this discussion for the present experiments lies in the 
fact that fine-weather fluctuations in the ionisation are to be expected even 
when a 10-minute interval is chosen as the period of observation, while the 
detection of small thunder-storm effects of short duration is subject to difficulties 
which could only be overcome by the use of much larger ionisation vessels. 

§ 7. Variation in Fine-weat/ier hiiemUy with Tiim of Day and with PresBwe, 
It is of some importance to enquire whether the observations reveal any 
variation in the fine-weather intensity with time of day, not only because such 
variations might affect the discussion of thunder-storm observations, which 
were generally made in the early afternoon, but also because of the possibility 
that geographical position might have some influence upon the variation. 
Unfortunately, continuous observations by the method described could not 
be made over long periods of time owing to the strain involved in watching for 


♦ * Phil. Mag.,' vol. 20, p. 09S (1010), 
t * Z. Physik/ vol 66, p. 772 (1029). 
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a-particles and readings had to be taken by an easier but less accurate method 
during the few days on which no thunder-stor m s occurred. The instrument 
was allowed to run for an hour at a time over the same portion of the scale, 
about 200 mm. long, without observation of the effects of x-particles. The 
results are shown in fig. 4 and fall into two sets : those made from 6 p.m. to 
11 a.m. (Greenwich mean time) on February 3 and 4 are marked with crosses, 
and those made from 8 a.m. to 11 p.m. on February 6 with circles. The 
a-particle effect of 0 • 4 mm. per minute and the residual p- and y-ray ionisation 
effect (§ 8) of 0-3 mm. per minute, have not been subtracted from the readings. 



Fio. 4. 

The mean rate of fall for the first set of 13-hour observations is 3'26 mm. per 
minute with a mean fluctuation of 0* 1 mm. per minute or 6'0 mm. per hour 
For the second set of 10 observations the mean rate of fall is 3 • 17 mm. per 
minute with a mean fluctuation of 4'2 mm. in the hour values. Since it is 
known from direct measurement (§ 4) that the average number of a-particles 
per hour was 25 and the average effect of each about 1 *0 mm., ordinary prob¬ 
ability variations in the number of a-particles would have given rise to a mean 
fluctuation of 5*0 mm. in the hour values. Though the observed variations 
with time of day may thus be ascribed to a-particle effects and in any case 
do not amount to more than 6 per cent, of the mean, the difference between 
the averages of the night and day sets may have a more fundamental cause. 
For the present purpose, however, it may be concluded that during the day¬ 
time and using the more accurate method of observation by which a-partiole 
effects are eliminated, no large variations of the intensity of the radiation with 
time of day are to be expected. 

The possible effect of a change in atmospheric pressure has also to be borne 

VOL. oxxx.—A. E 
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in mind in discussing changes in the intensity of the rays during thunder* 
storms. At this height, the results of Steinke* indicate that it should be of 
the order of 6 per cent, per centimetre of Hg change in pressure, increase of 
pressure causing a decrease in the ionisation. Variations of pressure of as 
much as 0-5 cm. are rare at Johannesburg and there was thus no opportunity 
of obtaining information on the " barometer-effeot.” The pressures corre¬ 
sponding to the two sets of readings just discussed are shown in fig. 4, but the 
expected 1 per cent, pressure effect is in the opposite direction to the 3 per 
cent, difference already noticed. The pressure during a thunder-storm never 
altered bymore than 0- 25 mm. from its fairly steady value before and afterwards 
so that a change in the intensity of the radiation of less than 1-5 per cent, 
can be ascribed to this cause. In most storms the pressure change was 
inappreciable. 

§ 8. The Local Radiation Effect and the Fine Weather Ionisation. 

The apparatus was installed in an upper room in a brick building rather 
than in a hut because previous experience had shown that it require<i special 
core to work it satisfactorily during a thunder-storm when sudden changes of 
temperature, violent winds, and vibration due to hail and rain on the roof 
tend to upset the movement of the leaf. The brick walls, however, introduce 
a double complication ; they reduce the intensity of the penetrating radiation 
by shielding the instrument, and they themselves emit a y-radiation. From 
most of this local radiation the apparatus was satisfactorily screened by the 
rampart of iron blocks with a half-angular aperture, <f>, of 66“’, but from about 
half-way up each wall to the top of the wall = 45“) there was no screening 
other than that provided by the iron walls of the ionisation vessel itself. 

To get an estimate of the order of magnitude of the effect due to these rays, 
we may refer to some observations made by Steinkef at Konigsberg, in a brick 
building with walls 25 cm. thick and using an ionisation chamber with iron 
walls of the same thickness as in my instrument. The angle ^ for the tops of 
the walls was 62° and the effect of the roof negligible. It can be found from 
his curves that the effect of the local radiation between 50° and 70° amounted 
to about 0*32 J. The conditions in the present experiments were so atmilnr 
that a value of 0 • 30 ± 0 • 10 J is not likely to be far out. Since the ionisation 
arising from a-particles inside the vessel is allowed for in the measurements, 
and that of |3- and y-rays from the walls of the vessel is of quite a 

♦ • Z. Physik,’ vol. 47. p. 682 (1928). 

t Steinke (toe. eft.), p. 669; also ' Z. Physik, Vol. 42, p. 673 (1927), 
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order of magnitude, the above figure represents the total residual effect to be 
subtracted from the observed ionisation to get that arising from the penetrating 
radiation. 

Forty-three 10-miniite observations were made during fine weather at the 
same sensitivity, determined by method (I) as 1 *66 X 10^ ions per millimetre. 
The average rate of movement was found to be 2 • 96 mm. per minute. Reducing 
from CO2 at 20*^ C. and 62 • 3 cm. pressure to air at N.T.P., the total fine-weather 
ionisation is found to be 2*58 J. Aftf?r subtraction of the residual effect, 
0*30 J, this gives a value of 2'28 J for the ionisation due to the penetrating 


rays. 

This result may be compared with observations made by Steinke* under 
similar conditions of screening and height above sea-level. 

Davoa (Steinke). 

Johannoeburg. 

[1600 m.] 

0® U) 45® . llnacteonod 

60° to 90°. 13 cm. J'e 

0'Mo46° . 

46°to0«" . 

06“ to 90° . 

[1780 m.) 

Unscreened 

Brick equivalent to 8 cm. of Fe 
Brick plus 15 cm. Fo 

Jh . 2'59 ioiw c.c. SCO. 

. 



From the work of Millikanf in North and South America, it seems that 
geographical position does not markedly affect the intensity of the penetrating 
rays, so that the approximate agreement of these results supports the estimated 
value of 0*30 J for the local radiation effect. 

§ 9. Thunder-storm Observatiom, 

The runaway electrons, which it was hoped to observe below the most active 
portions of the thunder-clouds, could only be expected to occur during periods 
of intense negative field, such as prevail just before the passage of lightning 
discharges. They should have shown themselves by a momentary increase 
in the rate of movement of the spot of light, reaching a maximum at the instant 
that the flash took place. 

A very careful and continuous watch was therefore kept upon the movement 
of the spot for any such unusual changes in rate. In addition, the ordinary 
minute and 10-minute readings were made and these could be compared with 
the fine-weather values. 

* E. Steinke {lac, cit), p, 666. 
t K. Millikan, * Phys. Rev.,* vol. 31, p. 168 (1928). 
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(a) Momentary Chunyes .—Nine thunder-storms passed directly overhead, 
all giving rise for most of the time to strong negative fields at the ground, and 
amounting in all to more than ^ hours of overhead lightning of the most active 
character. Three other storms passed nearly overhead and gave rise to similar 
fields. There were at least two close discharges from the cloud to the ground, 
one at 250 metres and the other at 400 metres distance. Details of these 
storms are given in Table IV below. 

In spite of these favourable conditions, the evidence for momentary effects 
is very meagre. The only unusual changes in rate were two sudden jumps, 
indistinguishable from the effects of a-particles, 1 and 2 mm. in size respectively, 
which were apparently simultaneous with the occurrence of two close lightning 
discharges which took place within the cloud. Both of these jumps were 
observed during the same storm, No. 10, which also produced the closer of the 
two flashes to ground which have been mentioned. These ground discharges 
were certainly not accompanied by any unusual changes in the ionisation. 

If these two jumps had any real significance in this connection, one would 
expect to find an increase in the number of sudden jumps ascribed to a*particles, 
during periods of strong negative field, but this is not tlie case, for the Sa' 
observations during thunder-storms were quite normal. 

(b) One-minute Observations ,—It has been pointed out in § 6 that probability 
fluctuations in the number of ionising particles affect the 1-minute readings 
rather badly. These have been examined, however, to see whether any of 
them show increases which could be ascribed to runaway electrons. The 
later storms only are available for this test, which has been made by picking 
out those 1-minute readings which exceed the mean value during fine-weather 
by more than 20 per cent. The results are shown below. 


Stmng field, 

4-V© or no field. 

! 

1 I'lnimU© values ^ 1*20 x fine*weather mean. 

3aainutes 

minutes 1 


210 

— i 

2 . {1-22, 1-21) 

— I 

470 1 

7 . (1*30, 1*21,1-20, 1*27, 1*20, 1-22, 1*33) 


These figures show no effect of the kind sought for. The strongest negative 
fields were not associated with the two 1-minute values given in the first 
line. 

(c) Ten-minuie Observations,—Hvfo or three fine-weather measurements were 
made every morning in order to be able to compare fine-weather observations 
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with those made when thunder-storma were at various distances. During the 
storms, which occurred in the afternoons or evenings, as many observations 
as possible were made and several more fine-weather measurements were 
always taken after the storms had passed far away. The quantity measured 
was the average rate of movement per minute during 10 minutes, corrected 
for the effects of a-particles, that is (D — ra)/10. 

Observations were made in this manner upon 17 of the 22 thunder-storms 
which occurred. Nine of the storms examined in this way came within a 
distance of 5 km., and seven passed directly overhead. 

The sensitivity of the apparatus was altered several times during the course 
of the work and the mean of the fine-weather readings, from 5 to 21 in number, 
for each sensitivity has been taken as imity in order to present all the results 
on the same scale. Thus every reading, in both fine and thundery weather, has 
been expressed in terms of the corresponding fine-weather mean. 

The collected results are shown in fig. 5, each point of which represents a 
single lO-minutc reading. The results have been assembled in five classes. 



of which the first (F), contains the fi.ne-weather measurements. These exhibit 
a spread, due in the main to the probability variations discussed in § 6. The C 
group shows the measurements made when thunder-storms were more than 
10 km, away, the B group those for storms between 5 and 10 km., and the A 
and A! groups both refer to measurements made when the storms were less 
than 5 km, away. These results show that there is a definite decrease in the 
ionisation as the cloud approaches, which reaches its maximum in the case 
of the overhead storms in group A'. 

The distinction between A and A' storms is based upon the nature of the 
electric field observed below them ; in the case of the A storms this was pre¬ 
dominately negative, in that of the A' storms it was predominately positive. 
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At Johannesburg, as elsewhere in South Africa, the sign of the “ steady ** 
field (B,), which prevails just before the cloud discharges, is almost always 
negative. The field is, however, constantly changing ; lightning discharges 
reduce it from E, to zero or even to a large positive value, after which it recovers 
in a manner and at a rate which varies with the storm. In correlating the 
reduction in the ionisation with the electrical state of the cloud, the average 
value of the field (Edv ), is likely to be more significant than E^, and this is 
clearly brought out in the figure. The A storms were those for which E»v. was 
negative and they showed only moderate reductions on the whole, sometimes 
no reduction at all. The A! storms were those in which E^v. was positive, a 
large positive change of field being followed by slow recovery to a small positive 
or negative value of E„ on attaining which a discharge giving another large 
positive change occurred. The reductions observed with these storms were 
much larger, but unfortunately such storms were infrequent. 



Fig. 6 shows the observations for each storm separately ; the unit is again 
the fine-weather mean and the symbols used to distinguish measurements 
made at different distances and under different electric fields are the same as 
in fig. 5. Each storm is indicated by its serial number below the corresponding 
observations and information on the nature of the storms is summarised in 
Table IV. All the storms in the first line and storms 3 and 21 in the second 
line of this figure were of type A. The three other storms in the second line 
were of type A! for part of the time, and further information about them is 
given below. 

Storm 4.—This occurred before the point-discharge indicator had been set 
up. An electrometer recording the potential gradient photographically showed 
that B»v. was negative during observation L and became strongly positive, 
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greater than the limit of the instrument, 5000 volts per metre, during M 
and N. 

Storm 20.—This was a very violent hail-storm. During observation R, E*y. 
had a fairly large negative value increasing from — 1 * 6 to — 9 cm, on the 
galvanometer scale as the storm approached from 6 to 4 km, S was a short 
observation immediately following R and constituted the first 6 minutes of 
a 13-minute run of which T formed the last 7 minutes. During S, E^v. changed 
from a large negative value (galvanometer deflection — 6 cm.) to a large positive 
one (4* 10 cm.), at which point T begins. Throughout observation T heavy 
hail was falling and E^v. was strongly positive (+ 10 to + 30 cm.). The actual 
positive changes of field were exceptionally numerous and large. There is 
little doubt that the storm passed directly overhead, though the noise of the 
hail prevented measurements of the ligbtning-tbimder interval Observation 
U was made 4 minutes after observation T when the hail had ceased ; the cloud 
was still quite near (7 seconds) and E«v. was positive (+ 4 cm.). 

Storm 22.—This was also a violent storm. During observation W the field 
was strongly negative and the storm distant from 3*5 to 5 km. During X, 
Eav. was again negative; the storm was now right overhead with a thunder 
interval of 5 seconds and gave rise to 31 positive and 2 negative changes of 
field in 10 minutes. Y is the first 7 minutes of a run during which Ear. became 
positive and a heavy fall of rain and hail took place. In the next 3 minutes 


Table IV.—Thunder-storm Data. 


Storm 




Difloharges 

Nearest flash (sees.). 


No. 

Type. 

B,, 

Jliav. 

per minute. 

In cloud. 

To ground. 

Henstarks. 

S 

A 

—ve 

^ve 


overhead* 



4 

A' 

? 

-f VO 


overhead* 



6 

A 


“VO 


overhead* 


(o) Observations only.f 

10 

A 

—ve 

— VO 

2 

4 

1-6 

Active storm. 

13 

A 

~ve 

—ve 

1 

6 


Mild storm. 

14 

A 

—ve 

—ve 

1 to2 

11 


Active storm. 

16 

A 

—ve 

—ve 

1 to 2 

6 


(a) Observations only.f 

17 

A 

—VO 

—ve 

1 to2 

5 

2-0 

Active storm. 




(Wg) 





10 

I ? 

0 

0 

2 

12 


Very active. 

20 

A' 

+ve 

4-ve 

3to4 

i overhead* 


Violent hail-storm. 

S2 

A 

~ve 

—ve 

2to3 

6 


Violent. 


and 

and 

and 






A' 

1_ 

4-ve 

■ 

1 






* No sotual moMurementa of Ughtmng4himder interval, 
t Obeervatioiii for momentary eSeote only. 
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the storm decreased in activity and moved away fast, while the rate of move¬ 
ment of the spot rose to normal. 

The following summary may be made of the results described in this section : 

(1) No significant momentary effects have been observed which can be ascribed 

to runaway electrons. 

(2) Thunderstonns at distances greater than 10 km. caused no special changes 

in the ionisation.* 

(3) Overhead thunder-storms produced a reduction in the ionisation and 

therefore succeeded in stopping some of the ionising particles. 

(4) The reduction was much greater in the case of A' than of A type storms. 

In support of (1), mention may be made of some observations carried out a 
year previously at Somersf^t East with a similar but less sensitive apparatus. 
Six active storms passed overhead and the movement of the leaf was watched 
for momentary effects but none were observed, although strong negative fields 
prevailed for several hours in all. The residual ionisation, about 13 J, was too 
large for the reduction effect here observed to be detected with certainty. 

§ 10. Discussion of Results. 

The measurements shown in figs. 5 and 6 refer to the total ionisation within 
the vessel, but the reduction is clearly in the ionisation due to the penetrating 
rays alone, and can be obtained in terms of this by multiplying the observed 
effect by 2 *68/2 *28, using the value given in § 8 for the effect of the local 
radiation. The reduction produced by the A storms thus varies between 0 
and 10 per cent, of the average fine-weather ionisation due to the penetrating 
rays, while that produced by the A' storms varies between 12 and 39 per cent. 

These thunderstorms must be considered to stop the ionising particles as a 
charged grid or a pair of such grids, one above the other, might stop them, for 
the effect cannot be ascribed to the water carried in the cloud, the effective 
thickness of which is certainly less than 10 cm. 

The observations of Steinke (/oc. ciL) at Davos suggest that approximately 
half the ionisation at this height is caused by rays included within a vertical 
cone of half-angle 45^, Since it is unlikely that the active portion of an over¬ 
head storm could cover as largo a solid angle as this, a reduction or screening 
effect of less than 50 per cent, would be expected even if the cloud were con¬ 
tinuously active in stopping the rays. The reductions observed in the case of 

^ * Mention has already been made in 14 of the fact that the ooouraoy of observation 
wag improved after storm 9, The single high C value in storm 2 is not considered significant. 
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the A! storms are therefore surprisingly large and suggest that they are for 
most of the time able to stop most of the particles which would otherwise 
pass through them. 

Any particle which is stopped by the fields produced by a thunder-cloud 
either inside or outside the cloud itself, must have an energy less than that 
acquired by falling through the potential difference between the poles of the 
cloud. This quantity has recently been shown by C. T. R. Wilson* to be of 
the order of 10^ volts, perhaps sometimes as great as 5*10® volts, and certainly 
less than 10^ volts. The closeqess of the screening effect caused by the A' 
storms to the maximum which could be expected from the geometry of the 
cloud, therefore indicates that most of the ionising particles have an energy 
less than 5 X 10® volts. This docs not necessarily imply that the primary 
rays themselves are charged particles, for an ultra-gamma radiation, of the 
characteristics suggested by Millikan,f produces all its ionising effects by means 
of recoil electrons arising from Compton scattering, and if robbed of these by 
retarding fields may be unable to recover others before reaching the ground. 

Extrapolations of p- and y-ray formulae have been widely used to determine 
the energies of the penetrating rays from ionisation-depth curves. Except 
perhaps in the case of Regener’sJ results at great depths, which if interpreted 
as due to p-particles require energies greater than 10^® volts, the energies so 
derived all lie below the upper limit here found. 

The absence of any large runaway electron effect below these storms is 
rather surprisiag, for a rough estimate shows that a considerable effect might 
have been expected, if the necessary fields bad existed for a sufficient time and 
over a sufficient distance. A reasonable value, 1-6 X 10“"^® curies per cubic 
centimetre, for the radioactive content of the air below the cloud implies the 
emission of 10 (3-particles per cubic metre per second. At least one in four of 
these may be supposed to be emitted in such a direction that the field could 
cause it to gather energy.§ If the process were limited to the first 400 metres 
below the cloud, there would be one primary runaway electron produced per 
square centimetre per 10 seconds. The effect in the ionisation chamber, filled 
with COj at a pressure of 62 cm., due to these alone would amount to 6-0 ions 
per cubic centimetre per second if we take the number of ions per centimetre 

♦ ‘ J. Franklin Itwt.,’ vol. 208, p. 1 (1929). 
t ‘ Eev.,’ vol. 31, p. 921 (1928). 
t ‘ Naturwisa/ vol. 17. p. 183 (1929). 

{ Wilson, loc. cii. 
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of path in air to be 40. Thus the primary effect, if it existed for a single second, 
would produce a total of 1*3 x W ions within the chamber, enough to cause 
a change of 0*08 mm. in the position of the spot of light, and to increase the 
movement during a minute by 2*5 per cent. To this, however, must be added 
the effect of secondary electrons produced by collisions within the field with 
sufficient energy and in the right direction to be similarly accelerated. Recent 
measurements by Williams and Tetxoux* have shown that primary particles 
of velocities ranging from 0‘6 c. to 0*97 c., eject about two such secondary 
electrons of energy greater than 20,000 volts in passing through a metre of 
oxygen at N.T.P. The number of secondaries will be smaller for still higher 
velocities, but it is clear that their contribution is likely to be very large. 
With the action of these secondary rays added to that of the primary runaway 
electrons, the effect should have been easily detectable even if it had lasted 
for, but a fraction of a second and if the fields had been far more limited in 
extent than has been assumed above. 

Although Wilson {loc. cit.) has recently given reasons for supposing that the 
critical sparking field in the presence of water-drops is 10,000 volts per centi¬ 
metre, a third of the usual value, this does not seem to invalidate the argument 
for the runaway electron effect, which may be briefly restated as follows: 
The average numbers of ions produced in the first centimetre of their path in 
air by the p-rays from radium B and C have been found by Geiger and Kovarikf 
to be 133 and 108 respectively. Taking 30 e.-volts as the average energy spent 
in an ionisation act, a field of 10,000 volts per centimetre should enable more 
than half these particles to gain energy at the rate of at least 6000 volts per 
centimetre in the first centimetre, increasing afterwards to about 9000 volts 
per centimetre as they gather speed. After traversing the first metre their 
energies would be of the order of 10® e.-.volts and they would continue to gain 
energy until the field fell to 1000 volts per centimetre. The usual range-energy 
formula I indicates that to enable them to traverse 1*5 km. of air and to enter 
the ionisation vessel, such runaway electrons need only obtain 1*5 x 10* 
e.-volts from the field. This would require a field of 10,000 volts per centimetre 
to extend over about 160 metres or one of 6000 volts per centimetre to extend 
over 400 metres. Although the positive ions due to point discharge limit the 
field at the ground to about 200 volts per centimetre,§ it seems unlikely that 

* ‘ Proo, Eoy. Soc.,' A, vol, 126, p. 306 (1930), 

t ‘ Phil. Mag.,’ vol. 22, p. 604 (1911). 

X Varder, ‘ Phil. Mag,,’ vol. 29, p. 726 (1916); Schonlaud, ‘Proo. Roy, Soo,,’ A,’vol, 
108, p. 203 (1926), 

§ Schonland, locu cit 
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they could restrict the strong field below the cloud-base to a very small region. 
That fields approaching the sparking value existed fairly often below the cloud 
is evidenced by the frequent passage of dischargf^s carrying a negative charge 
from the base of the cloud to the ground. 

While, therefore, it is not possible to be sure that the requisite conditions for 
the production of runaway electrons existed below these clouds, the arguments 
given suggest that it is more reasonable to seek for the explanation of their 
absence in some action which prevents them from reaching the ground. This 
possibility was foreseen by Wilson, who drew attention to the fact that once 
in every 500 metres a runaway electron would approach a nitrogen or oxygen 
nucleus within a distance (3 X cm.) at which there is reason to believe 
the inverse square law of force to break down.* He suggested that the result 
of such a collision miglit be disastrous to the p-particle and involve the radiation 
of a y-ray quantum, or a nuclear disintegration. Williams and Terroux (he. 
dL) have recently drawn attention to a fast fi-ray track which appears to 
show such a sudden stoppage and the emission of the energy as radiation. 
After travelling 600 metres in a field of the critical sparking value a runaway 
electron would have acquired about 5 X 10® e.-volts of energy and while 
nothing can usefully be said about the probable efiiciency of the conversion 
of this into radiation, the absence of any significant increase in the ionisation 
suggests that the efficiency is very low. 

The difference between the screening effect of A and A' storms suggests at 
first sight that some ionisation due either directly or indirectly to runaway 
electrons actually occurs. One might suppose that both were equally effective 
in screening and that the A storms, which give rise to negative fields below, 
produce runaway electrons which may or may not be converted into ultra¬ 
gamma radiation before reaching the ground. But against this it can be urged 
that the A storms showed neither the momentary effects nor the abnormally 
high 1- or 10-minute values to be expected, and that storms so evidently 
different in electrical constitution would be likely to behave differently in 
stopping the penetrating rays. A brief suggestion as to the real origin of this 
differential screening effect may be ventured, bearing in mind that only three 
storms occurred which can be classed as of type A' and that the infonnation 
about two of these is scanty. 

The A and A' storms seemed to be similar in one respect; in both cases the 
changes of field due to lightning discharges were predominantly negative at 
a distanoe and predominantly positive when overhead. Thus in both types, 
♦ Bieler, * Froo. Roy. Soc.,* A, vol, 105, p. 434 (1920). 
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the most frequent discharges involved a downward movement of positive 
electricity and the moat powerful fields were those between an upper positive 
and a lower negative pole. The passage of a flaslv did not, however, com¬ 
pletely discharge the cloud, for in genera) a charge of either positive or negative 
sign remained, giving rise to a strong field below and presumably above the 
cloud. This excess of charge of one sign is to be ascribed to a difference in 
the rate of dissipation of the charges on the two poles. In the case of the A' 
storms it was large and positive, in that of the A storms it was usually small and 
negative. It seems natural to ascribe the differential screening effect to this 
difference in the sign of the excess charge on the cloud and to conclude that an 
excess positive charge is far more effective than a negative one. 

This conclusion has an interesting bearing upon the nature of the penetrating 
rays. If we suppose that these consist of charged particles, it is evident in 
the first place that the nature of the field below the cloud can have no influence 
upon the screening effect, for if they can pass through the base of the cloud, 
the remainder of their journey can only result in their arrival at the ground 
with the same energy that they would have had if the cloud had not been 
present. The field below merely subtracts from or adds to them the extra 
energy already gained or lost in the fields above and within the cloud. One 
would naturally expect the stoppage of the particles to take place within the 
cloud, between the poles of which the largest potential difference exists, but 
such a view offers no explanation of the difference in the stopping power of A 
and A' storms, for both types are similar in respect of their internal fields. 

There remains the field above the cloud, which, in the case of a thunder-cloud 
of positive polarity with equal charges, is directed upwards and could only 
effect a stoppage of positively charged particles. In an A' storm this field is 
enhanced by the excess positive charge, but in an A storm it is weakened or 
reversed by the excess negative charge. In the former the potential of the 
upper positive pole may be of the order of 10^ volts, and in the latter it may 
differ but little from that of the upper atmosphere, 10* volts. It is therefore 
suggested that the superior stopping power of A! storms may be explained if 
the radiation consists of positively charged particles and the stoppage takes 
place above the thunder-cloud. 

A second possibility, however, is that the radiation is of ultra-gamma type 
and that its Compton electrons are removed by the fields within both A and A" 
storms. Here the differential screening effect which could not arise in the 
case of a pure {3-radiation may have its origin in connection with the regenera¬ 
tion of these electrons by Compton scattering during the passage of the radiation 



l^hunder^$torms and Penetrating Radiation. 


61 


through the 1 • 5 km. of air which separate the base of the cloud from the ground. 
In the absence of any field below the cloud this regeneration would be approxi¬ 
mately completed after the waves had travelled a distance equal to the average 
range R of the electrons associated with them. If D is the distance between 
the base of the cloud and the ground, the fraction of the electron complement 
regained would be D/R, which, of course, has a maximum value of 1*0. The 
values of R for the three components found by Millikan* at this height can be 
calculatfd from the Klein-Nishina formuleof 2*9, 1*4, and 0*30 km., 
giving values of D/R which are equal to 0*5, 1*0 and 1*0, the two softer com¬ 
ponents being able to regenerate their ionising electrons completely. The 
fractional contributions of the three components to the total intensity wore 
found by Millikan to be 0*28, 0*38, and 0*34, respectively, so that the fraction 
recovered should amount to 0*14 4* 0*38 + 0*34 or 0*86 of that lost withiii 
the cloud. If we suppose as before that only one-half of the radiation is 
subject to this screening action, a maximum reduction of 7 per cent, is all that 
could be expected. Consideration of the degraded,J once or more times 
scattered, radiation which accompanies the main beam, shows that the process 
of recovery would in reality be still more nearly complete. 

This argument supposes that there is no field below the cloud, but actually 
the fields which exist below A and A' storms will modify the regenerative 
procejjs and in opposite ways. The strong negative field below an A storm will 
assist regeneration by increasing the ranges of recoil electrons which would 
not otherwise enter the ionisation vessel. The positive field below an A' 
storm on the other hand will have the reverse effect and one could anticipate 
-a complete absence of regeneration in the stronger parts of the field. No 
appreciable regeneration can take place within the 1 cm. top of the electroscope, 
for this is equivalent in electron content to only 60 metres of air. Thus the 
difierential screening effect could easily arise if the radiation were of ultra¬ 
gamma type. The fact that small reductions were observed under the A 
storms is some evidence against this hypothesis as to the nature of the radiation, 
but it is possible that they arose during periods when the field below the cloud 
was positive. 

If the experiment of Bothe and Kolhorster (loo. ciL) can be taken as estab¬ 
lishing the corpuscular nature of the rays, this argument suggests that they are 
positively charged. It should be possible to carry the present experiments 

* Millikan, loc, cit, 

t * Z. Physik,’ vol. 62, p. 853 (1929). 

t Gray, ‘ Froo. Roy. Soc..* A, vol. 122, p, 693 (1929). 
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a stage further, by placing a sufficiently large thickness of iron above the 
ionisation vessel to ensure that complete regeneration could take plac^. If a 
reduction was still observed under these conditions, it would imply that the 
primary radiation was corpuscular. 

To sum up this discussion, the screening effect sets an upper limit of 5 X 10* 
volts to the energy of most of the quanta or corpuscles which make up the 
penetrating radiation. The difierential screening effect suggests that the 
primary radiation consists either of positive particles or ultra-gamma quanta. 
The absence of a runaway electron effect below the clouds is considered to 
arise from stoppage of the accelerated particles by direct nuclear collisions. 

As far as experiments below a thunder-cloud can go, the evidence here dis¬ 
cussed is against the view that thunder-clouds are the main source of the 
penetrating radiation, but it must be pointed out that Wilson's original sug¬ 
gestion refers to the upward moving particles produced within the cloud 
where the fields are almost certainly of the necessary magnitude and extent. 
The suggestion only falls away if nuclear stoppage is the correct explanation 
of the absence of any downward-moving particles. 

I wish to thank Mr, J. Linton for his valuable aid in the construction of the 
ionisation vessel, Prof. Paine and the staff of the Physics Department of the 
University of the Witwatersrand for many kindnesses, Mr. E. L. Halliday for 
the use of information obtained by him on the question of cloud polarity, and 
my wife for acting as the second observer. I have also to nuike grateful 
acknowledgment of financial assistance from the South African Eeseatch 
Grant Board and the Research Fund of the University of Capetown, and of 
the encouragement and advice of Prof. C. T. R. Wilson, who suggested this 
investigation. 

Summury. 

A description is given of an ionisation-electroscope suitable for the measure¬ 
ment of small and rapid changes in the intensity of the penetrating rays. 
Measurements with this instrument have been made at Johannesburg in both 
fine and thundery weather, with the following results;— 

(1) The fine weather ionisation showed fluctuations which can be attributed 
to probability variations in the number of ionising particles and indicates that 
from 0*01 to 0*02 particles occurred per square centimetre per second at this 
height. 

(2) A search was made for beams of downward-moving “ runaway '' electrons 
in the negative fields below thunder-clouds. Despite very favourable con 
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ditions, no such electrons could be detected, and it is suggested that they are 
stopped by direct nuclear collisions before reaching the ground. 

(3) It was found that a reduction in the intensity of the radiation took place 
when active thunder-clouds were overhead. This was the only thunder-storm 
effect observed. 

(4) This reduction was greatest under those storms for which there was 
evidence that the upper positive charge was in excess, a result which suggests 
that the primary penetrating radiation is not of p-ray type but consists either 
of positively charged particles or of ultra-gamma quanta. 


Secondary Electronic Emissions from Metal Foils and Animal 

Tissues. 

By W. V. Mayneoed, M.Sc. 

(Communicated by H. Hartridge, F.R.S.—Received March 26,1930.) 

Introduction. 

The measurement of penetrating X- and y-rays by means of an ionisation 
chamber has been the subject of a large number of experimental and theoretical 
investigations, but still presents interesting problems. The ionisation current 
observed in any given case depends (among other factors) upon the material 
of which the ionisation chamber is constructed, and entirely fallacious estimates 
of the relative intensities of beams of X- and y-rays of different wave-lengths 
may be obtained, unless the influence of this factor be kept in mind. The 
experiments described below are concerned with the relative sensitivity of small 
ionisation chambers lined with various metal foils and animal tissues, when 
irradiated by beams of X- and y-rays of different mean wave-lengths. Animal 
tissues were included among the materials of which chambers have been con¬ 
structed, since the results of X-ray measurements with such chambers are of 
importance in the consideration of the question of relative sensitivity of living 
tissues to various penetrating radiations. 

The ionisation current observed in small closed ionisation chambers (volume 
1 o.c, approximately) filled with air at atmospheric pressure is due to ionisation 
produced in the air itself by the primary radiation and also to secondary effects 
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due to p-radiation produced in the walls of the chamber. The latter appears 
of relatively greater importance in small chambers, until with chambers of the 
order of size contemplated, the primary effect becomes negligible for walls 
composed of heavy elements,* and the ionisation current is almost entirely 
determined by the secondary electronic emission from the wall. In view of 
the complexity of the effects occurring in such a chamber we cannot hope at 
the moment to construct an adequate theoretical treatment, but may proceed to 
discuss the problem as below, in the hope of obtaining at h^ast qualitative 
agreement with the observations. 


Theory. 

Consider a beam of short wave-length X- or y-radiation, wave-length X and 
intensity I^, falling on a plane sheet of material (atomic number N and thick¬ 
ness d) forming the face of an ionisation chamber. The intensity of the 
radiation penetrating to a depth x into the metal will be, neglecting secondary 
effects, Ij, = where ^ is the linear absorption coefficient of the radiation 

in N. 

The energy absorbed per unit area in a thickness dx is evidently 

K — ('f + dx 

(t + (Ja) . • dx, 

where t = photoelectric absorption coefficient, or^ — true absorption coefficient 
associated with Compton scattering. 

Assume that the whole of the energy absorbed will be converted into ^-ray 
kinetic energy, but will not, owing to scattering and absorption, reach the far 
side of the sheet. Let an amount E^' reach the air in the ionisation chamber. 
Then, according to Wilson,f 

— (EJf «= a(d — x), 

a being a constant. 

Let r be the range of the secondary electrons in N. Then 


and 


= ar 



r-'d + x 
r 



♦M. Bruzau, These. Univ. (1928), ‘Aim. Physique/ rol, 11, p. 1, 

t Wilson, ‘ Proc. Roy, Soo,/ A, vok 104, p, 1 (1923), 
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Whence the total energy in the form of electronic motion reaching the air and 
causing ionisation on the far side of the sheet is 


['(T 

Jo Jo 




'r — d X 


m 


, dx. 


Sinco the sheets in these experiments are in general very thin 


and 


I 

Cd M . 

^0 


(r dp 




A maximum is ovidtuitly obtained when r — rf, and the secondary electronic 
emission is equal to W (t -f . |r. For greater tliickncsscs the value 

will fall off approximately as 6“^^. 

Consider therefore two ionisation chambers of the same dimensions but 
having walls of thi(;knesses and respectively, densities and pg, and 
irradiated by radiations of wave-length X, Then the ratio of the ionisation 
currents (assumed entirely due to secondary effects in the walls) produced in 
the two chambers will be 


R = W,/W, 


KN,« ,3 , 

_ ^ ^ 

K p2 + Ott, 


_ (r, - 

* ^ _ rf^)3/2 ‘ 




since r/p = K . N^/A . X®. K is a constant — 1*37 . 10”*^, according to 
Richtmyer,* while Aj aiul A 2 are the atomic weights of the (dements concerned. 

Using this equation we may calculate the relative ionisation currents to be 
expected in chambers having walls of various materials and of various thick* 
nesses. Evidently if X is v(»ry small, t is negligible compared to and we hav(^ 
(if r = d approximately and both arc small) 

Wj/Wj = CTa,/(7<,,. rjr^. 

But the range r oc 1 /p approximately and therefore, since <t, oc p, 

W,/Wj-*1 

independently of the material. For y-rays we find experimentally that the 
ratio for light elemente tends towards unity. 

For X of medium value, say O-S A., «„ is negligible and the ratio becomes 


Wj/Wj « NiVAi. Aj/Nj«. oc [Ni/NaP, 

* Riohtmyor, ‘ Phys. Rev.,’ vol. 18, p. 13 (I»21). 

S' 
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a relatiouship shown experimentally by Prickc and Glasscr*** to bo correct. 
Thus the ratio should apparently increase in this region of wave-lengths to 
values (for such elements as copper to carbon) of the order of 90. For long 
wave-lengths, for the heavier element increases so that e^*^^"^***! becomes 
small and the value of the ratio again decreases. Thus we might expect a. 
maximum in the region of medium wave-lengths. This has in fact been 
observedf and is confirmed below. The above theory holds, of course, only 
for monochromatic rays, plane sheets of metal and small thicknesses, neglect 
scattering of the primary rays in the walls and also the complexities of the 
reflection of the secondary rays of the faces of the ionisation chamber. While it 
cannot, therefore, be regarded as more than a qualitative suggestion, it appears 
to correspond essentially with the more complex experimental results. 

Physical Basis of the Biological Ad,ion of X- aiid y-rays. 

In a number of fields of enquiry it is desired to measure the energy absorbed 
in a given small volume of an extended medium when the latter is traversed 
by a penetrating radiation. An interesting example is afforded by the 
measurement of the X- or y-myn energy absorbed within animal, or more 
particularly human tissues, subjected to such radiations. Normally the energy 
is too small to be measured conveniently by its calorific effects and an ionisation 
measurement is resorted to. The results obtained must evidently depend on 
the construction of the ionisation chamber employed and it was thought worth 
while considering the physical aspects of this question in some detail. A 
similar problem has recently been attacktsd by GrayJ in the case of the Millikan 
penetrating radiation. Consider a mass of animal tissues irradiated by 
X- or y-rays. The energy absorbed in a small volume dV around any point P 
within the medium at whiol) wo wish to measure the effeef, may be written 

the summation being extended over the various wave-lengths present in the 
primary and scattered radiations that will reach P. If we replace the medium 
within dV by air, then the ionisation current in this air may, according to the 
theoretical considerations given above, be represented by a similar expression, 
and the ionisation current may therefore be regarded as a measure of the 

* Prickc and Glagser, ‘ Fort. Geb. Kantgen,’ vol. 3.S, p. 239 (1926). 

tKroenig and Friedrich,“ The Principles of Physios and XHology of Radiation Therapy,’ 
p. 58 (1922): Prioke and Glassor, loc. cit.; Holthiisen and Asoher, ‘ Acta Itadiol., vol. 
41, p. 27 (1927): Braun and Kiistner, “ Strahlen,” vol. 32, p. 550 (1929). 

J Gray, ‘ Proc. Roy. 8oc.,' A, vol. 122, p. 647 (1929). 
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energy absorbed per unit volume by the medium, provided that the ionisation 
chamber has walls of the medium itself. One other assumption is required, 
namely, that the absorption in air of the secondary electrons emitted from the 
walls of the chamber should be proportional to their absorption in the medium. 
Thus the investigations of Gray show that if we consider an air cavity within a 
scattering medium, that the energy lost per unit volume by p-particles in the 
cavity is p times the energy lost by penetrating radiations per unit volume of 
the medium, p being the ratio of the lengths of path in ait and in the medium, 
for which the energy loss of a p-particle is the same. The assumption that p 
is independent of the velocity of the p-particle was mentioned above. Since 
the effective atomic number of an animal tissue is approximately that of air 
(see below) the range of p-particles in air and the medium will be approximately 
inversely as the densities and the assumption probably justified. 

It may be noted finally that if animal tissues have an effective atomic number 
greater than that of air, the energy absorbed at any point will be greater than 
appears from a measurement of ionisation current with a standard measuring 
instrumeut having air equivalent ” 
walls. The divergence will depend on 
the wave-length of the radiation. 

These conclusions are confirmed ex¬ 
perimentally below. 

Experimental Method. 

In order to obviate as far as possible 
effects due to variation of output of 
sources of radiation, the apparatus 
shown in fig. 1 was constructed. It 
consists of two similar cylindrical 
ionisation chambers A and B, 3*85 cm. 
long and 1*25 cm, internal diameter, 
mounted side by side in an ebonite 
block covered with lead. The central 
rods of the ionisation chambers may m^trument^ 

be connected to the measuring instru- Fio. l. 

ment by rotation of the contact C, 

while the outer walls of the chambers are earthed via the aluminium foil which 
covers the ebonite block. The outer walls of the ionisation chambers consist 
of paper graphited on both sides to make it conducting. The central rods are 

t 2 
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of carbon and screw into small pieces of brass covered with celluloid to avoid 
secondary radiation. The measuring instrument usually employed is a 
sensitive gold leaf electroscope charged positively to approximately 500 volts. 
Connection is made between the ionisation chamber and measuring instrument 
by means of an insulated cable, the central lead being carried on amber discs 
at intervals of about 2 cm. 

The beams of rays employed were defined by means of lead stops near the 
X-ray tube so that only the ionisation chamber itself fell within the limits of 
the direct beam. Under these conditions the natural leak was small and in 
general negligible. 

Spe^ificatmi of the Roudiations. 

As a fairly large region of wave-lengths has been employed, ranging from the 
y-rays of radium to the unfiltered radiations from a Coolidge tube run at 60 KV., 
difficulty arises as to the most convenient way of representing the wave-length. 
In all earlier experiments the radiation has been defined in terms of an arbitrary 
‘‘ equivalent wave-length obtained from a measurement of the absorption 
of the heterogeneous beam in 0‘25 mm. copper and tlio use of standard 
absorption data.* It is not proposed to discuss the significance of this 
“ equivalent wave-length,” but the measurement is to be regarded as a purely 
arbitrary standard adopted because it is convenient over the range of radiations 
employed. Details of some of the radiations experimented witli are given 
below. 


Table I. 


Peak voltage. 

1 

Pilier. 

A,. 


• 

A 

m 



m 


0-435 

100 

— 

0*423 

120 

1 

0 403 

120 

! 2*0 mm. AI. 1 

0-320 

140 


0-354 

140 : 

MetaJix tube. 0*45 mm. Chmnie-iron . 

0-255 

MM) \ 

— 

0-244 

ISO 

— 

0-230 

200 


0-220 

100 

Metalix tube. 0 • 45 mm. chrome-f 0 • 30 mtn. Cu, 

0*204 


f 2 *0 mn», Al 


ISO 

Metalix tub(5 ... 

0-185 

200 1 


0-1.72 

y-r«.y« 

1 *0 mm. platinum . 

1 

0-010 


♦ Compton, “ X-raye and electrons/* p. 180. 
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Tests of the Small Paper ChanJber. 

Before proceeding with the experiments it is essential to ascertain whether 
the measurements made with a small ionisation chamber of graphited paper are 
independent of that is whether its indications run parallel with those of a 
standard air gap ionisation chamber for different mean wave-lengths. In order 
to test this point the apparatus was set up so that a narrow l)eam of rays fell 
on to one of the ionisation chambers A or B, and also on a standard air gap 
chamber,* the aperture of the latter being arranged in such a position that the 
shadow of the small chamber fell just to one side of it, the total beam utilised 
being thus a narrow one in order to minimise errors due to differences in 
distribution of X-rays around the target with varying voltage and filtration.t 
Both standard chamber and small chamber were connected to the same gold- 
leaf instrument, the combined ionisation in the two chambers being observed. 
By lowering a load cap (approximately 1 cm. thick) over the aperture of the 
standard, this could be “disconnected ” without appreciably affecting the 
capacity of the system, or switching off the rays and risking the introduction 
of changes of output of the tube. The observed ionisation is now due to the 
small chamber only and in this way the ratio of the ionisation currents in the 
standard chamber and small chamber were determined for a number of peak 
voltages of the tube. The results are given in Table II. It was, however, 
shown by Behnkenf that a chamber may appear to be free from errors when 
tested at various voltages and yet show appreciable errors when different 
filtrations are used. We have, therefore, carried out a series of experiments 


Table II. 


Poak voltago. 

Ratio. 

KV. 



m 


1-48 

80 


1-40 

100 (all unfilteped) 

1*40 

120 


1*30 

130 


1*37 

UO 


1*30 


r 0 mm. A1 

1*37 


1 mm. A1 

1*32 

130 J 

3 mm. Al i 

1*31 


5 mm, Al 

1*31 


9 mm. Al 

1 

1*31 


♦ Mayneord, * Brit. J. Rad./ p. 125 (1928). 

t Ooalidge and Kearsley, ‘ Amer. J. Roentgenology/ February, 1922. 
t Behnken, * Z. Tech. Fhyaik.,’ vol. 6, p. 3 (1924). 
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always using the same peak voltage (130 KV.) and varying the thickness of 
aluminium through which the rays pass before reaching the ionisation chambers. 
It will be seen that there are no very large variations in the value of the 
ratio except for the least penetrating rays, and we have, therefore, used this 
paper ionisation chamber as our standard of reference in subsequent experi¬ 
ments. An ionisation chamber having still smaller deviations from an air 
chamber will be described later. 


Experiments with Metallic Foils. 

Using the apparatus previously described placed symmetrically in the 
beam of radiation, the metallic foils of various elements were inserted sej)arately 
into one chamber so as to cover completely the inside surface, and the ratio 
of the ionisation currents in the two chambers found for various types of radia¬ 
tion. Experiments have been performed using foils of aluminium, copper, 
silver, gold, platinum, tin, and lead. Details of the foils are given below. 


Table III. 


Element. j 

1 

Thif'UneHM, 

Area. 

I 

Total weight, j 

MasH/Ai-oa. 


i ... ! 

! om.» 

1 

1 gm. 


Paper.. 

1 0-035 

140 

' ()-«47 

0-0462 

A1 . 

U'OOO 

13-23 

1 0-0646 

0-004»8 

Cu .. 

0-0034 

13-SO 

1 0-4182 

(t-0304 

Ag' . 

0-0022 

13-84 

0-3095 

0'U224 

Ft . 

0-0036 

U-00 

0-7941 

0-0667 

Sn . 

0-0023 

13-80 

0-2307 

: 0-0167 

Au . 

0-0021 

14-00 

0-5453 

1 O-0390 

Pb . 

0-0082 

14-00 

1-2934 

j 0-0926 


The experimental values of the ratios of the ionisation currents in the two 
chambers are plotted in a series of graphs (figs. 2 and 3). All experiments for 
which > 0 • 26 A. were made with variable high tension applied to a standard 
Coolidge X-ray tube, the high voltage being obtained by the use of an induction 
coil (mechanical rectification of the secondary current). For the production 
of radiations having X^ <0-26, a second X-ray set comprising an induction 
coil and valve rectifier was employed exciting a Philips Metalix Deep Therapy 
Type F tube. It will be seen from the graphs that in every case a maximum 
is observed in the ratio of the chambers. The position of this maximum lies 
in aU cases in the region of medium equivalent wave-lengths, but the precise 
position depends on the element concerned and the thickness of the foil The 
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elements of higher atomic number tend to have their maxima at shorter wave¬ 
lengths. 



The results given in the curves for y-rays = 0-016 A.) were obtained 
by the use of 900 mg. Ra element in the form of RaS 04 packed into approxi¬ 
mately 400 platinum containers (wall thickness 0-6 ram.) varying in content 
from 50 rag. to 0’5 rag. Ra. These needles were placed in a lead box (wall 
thickness 4 cm.) having one side removed to allow the beam of rays to eacape. 
A subsidiary filter of 1 mm. brass is in.serted uxto the beam and the whole 
apparatus covered with approximately l-O cm. of a mixture of beeswax and 
sawdust. The ionisation chambers were at a distance of approximately 10 cm. 
from the radium. 

The experimental values for y-rays are given in Table IV. It is realised 
that the experimental results are complicated by the presence of p-rays. 
The original attempt was to reproduce therapeutic conditions. 
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Table IV. 


Mutei'iat. 

Ktttio. 

I .. 

1 MatoriaJ. 

l._____ „ 

Katio. 

Paper 

1-00 


1*42 

A1 

((•W> 

Au 

2-74 

Ou 

1-00 

n 

2*85 

Ag 

104 

Fb 



Although it seemed unlikely that exact agreement would be obtained, it 
seemed worth while attempting to verify the approximate formula previously 
given by inserting the appropriate values of t, p, r, d and p, and working 
out the ratios to be expected. Since the graphited paper behaves as an 
approximate air wall (deviating, however, slightly in the direction of too great 
atomic number) it has been treated as equivalent to an oxygen •wall of the 
dimensions given. Values of p. were taken from the absorption data given 
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by Compton,’* * * § ' and the values of also worked out from bis theory of scatter¬ 
ing,f The values of t may be obtained from the value of \i by subtraction of 
the value of the scattering coefficient appropriate to the waveJength.t 
The ranges of the fi-partieles cause most difficulty and were obtained as 
follows. 

Consider a radiation of wavcj-length X, frequency v, incident upon an element 
of atomic number N. The energy of the pliotoelectrons emitted may be 
written 

Kkun — Ek, 1.. 


where Ekj .is the energy required to remove electrons from the K, L, ... 

level of N. Now 


Ekix 


^ r L, 

>^L Xk.l,... J 


where Xkj .has its usual significance. Suppose that all the electrons are 

emitted from the level for which Xk, i.is greater than X, and nearest to it in 

absolutt^ value. Then the range of the photoelectrons being proportional to the 

r X " 1 “ 

square of the energy — r.- K I-- , where R is the range of the 

h Xk, I.J 

photoelectrons if the whole of the energy of the incident quantum has been 
given to it. But R mm. in air, where V is the kinetic et^ergy in kilo¬ 

volts. Since === 152’S/X^ then R = 0-0042/X^ mm.+ in a substance of 
density unity, on the assumption that the range is inversely proportional to 
the density.§ The ranges in other materials were derived assuming again 
inverse proportionality with the density and using the appropriate values of 
Xk, L and X. The whole process is evidently approximate and intended to 
give the order of magnitude of the electron “ ranges.’’ As the radiations 
employed are in general very heterogeneous and the significance of the equi¬ 
valent wave-length by no means clear, we must guard against a too close 
identification of the properties of a beam having a certain X* and the strictly 
monochromatic beam of rays with this wave-length, more particularly as we 
are dealing with the effects to be observed in a region of wave-lengths in which 
tlie heavy elements show their characteristic absorption limits. 


* hoc. cii. 

t Mayneonl, loc, cil, 

% Mayneord. * Brit. J. KatL,’ vol. 2, p. 373 (1020). 

§ Terrill, ‘ Ph>-«. Rev,,’ vol, 21, p. 47e (1923). 
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Table V. 


Wave-length, 

Co))per. 

Tin. 

Silver. 

Gold. 

! 

Platinum. 

! 

l^ad. 

1 

M 3 

W ® 

! i- 

' H 1 

wB 

1 b* 

1 ® 
o 

’ feH 

M 

: w « 

9 

M a 

W ^ 

b- 

H ! 

H 1 

s 

H 

Experi¬ 

ment. 

b" 

c 

H 

k 

0-1 

6-0 

4-8 

18-0 

22-5 

i 

7-0 i 

19-5 

12-5 

12-9 

13-2 

[ 

i3(; 

1 i 

i 

7-0 

0-8 

0*2 

11-5 

10-1 

32 0 

10-7 

13-0 1 

30 0 I 

30-0 

35-5 

33-0 

33-7 

24-0 

28-0 

0 3 

10-5 

131 

21 

H-7 1 

15-0 1 

10-0 ! 

20-0 

19-9 

17*0 

15*7 

9-H 

S-7 

0*4 

4-4 

9-4 

8-7 1 


7-5 1 

3-2 

0-5 1 

7*9 

5-0 

5-1 

2-0 

1-0 

0-5 1 

_ j 

5-5 , 

i 


27" j 

_1 

i _ 

8-5 


2-0 


0-95 


0*05 


It will be seen that for the lighter elements, though the maximum observed 
is predicted, the absolute values of the calculated and observed values do not 
agree. On the other hand for the heavy elements, Au, Pt and Pb, the agree¬ 
ment is considerably better than would be expected. It appears, therefore, 
likely that the equations given agree at least qualitatively, with the observa¬ 
tions. Some of the difficulties in a complete theoretical investigation have been 
indicated above. 

Experiments vdth Scattered y-rays. 

Consider a narrow beam of y-rndiation of wave-len^h X incident on a small 
scattering sphere of material of low atomic number such as carbon. Then it 
is well known that the secondary yradiation emitted by the scattering material 
under the action of the primary rays, will differ in wave-length from the 
primary radiation by an amount SX, where*^ SX — hjmc (1 — cos ^), <f> being 
the angle between the original direction of the radiation and that of the 
scattered quantum. 

For y-radiations the shifts of wave-length are of great importance. Thus 
on scattering at 180® to the primary beam an increase of wave-length of 
0*048 A. takes place, implying that y-rays whose initial wave-length may be 
of the order of 0*022 A. will be transformed into radiations of wave-length 
0*070 A. on scattering. 

We should therefore expect from the curves previously given, that if we 
performed experiments on the scattering of y-rays around a light object, that 
the precise distribution observed would depend largely on the material of 
which the ionisation chamber was constructed, since the wave-length is 
dependent on the direction of scattering and the instrument so sensitive to 

♦ Compton, X-raya aud electrons,*’ p. 206. 
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change of wave-length, Tlie amounts of radium required to carry out this 
investigation using a very small ionisation chamber are prohibitive and the 
following experiment was therefore carried out. 



A very small ionisation chamber, as shown in fig. 4, was first constructed • 
Tlie ionisation chamber coiisishs of a carbon ring 2 mm, thick forming part of 
the outer wall, while a carbon rod 0*6 mm. diameter is used as central electrode. 
The length of the chamber is 6 - 0 mm. and the diameter 5 d) mm. The end of 
the chamber consists of graphited paper. The central rod is connected to a 
Wilson tilted electroscope by means of a thin wire insulated by means of 
ebonite bushes from a surrounding earthed brass tube approximately 1 metre 
long. The wire is covered with ebonite capillary tubing. The high tension 
wire is led along outside the cable and also completely enclosed in ebonite 
capillary tubing, only entering the chamber near its end. In this way we 
prevent the lead from acting as a long ionisation chamber, since the difference 
of potential between the wire and brass case never exceeds 5-6 volts and the 
distance between them is 1*0 cm. An earthed brass guard runs almost the 
whole length of the amber insulation of the central rod in order to prevent as 
far as possible leakage through the amber imder the action of the y-J^ays* 
The remainder of the construction may be seen from fig. 4. 

Preliminary experiments showed that saturation was attained in the chamber 
with approximately 10 volts difference of potential between ring and central 
electrode, but there are no signs of ionisation by collision below 90 volts. In 
all experiments a difference of potential of 50 volts was maintained. The 
electroscope was protected by lead blocks 2 inches thick placed between the 
radium and instrument. The primary ionisation was observed in the small 
chamber when 200 mg. Ka (contained in six platinum needles, 85 nun. long, 2 mm. 
diameter, wall thickness 0-6 mm, Pt) were placed side by side on a card and 
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held at a distauce of 4 cm. from the wall of the chamber, the ceutre of the group 
of needles lying on a line perpendicular to the axis of the chamber and passing 
through its geometrical centre. The increase in intensity was now measured 
when beeswax 10 cm. thick was brought up below the chamber, the beeswax 
being grooved so as to enable the ionisation chamber to be buried in the wax 
up to its centre line. This increase of intensity was measured when the bottom 
half of the internal surface of ionisation chamber was covered witli each of the 
metal foils in turn. The scattered yrays must now pass through the foils on 
the>ir way to the air of the chamber. The results of the experiments are showii 
in fig. 5 where the total intensity due to both primary and the scattered rays 
is plotted against the atomic number of the element concerned. It will be 
seen that, as was to be expected, in the region of wavedengths lying at about 
0*07 A. ionisation chambers of different materials are variously sensitive to 
the radiations. The experiments indicate that in measurements on the dis¬ 
tribution of y-radiations in extended media the ionisation chamber should 
once more be composed of materials having the same atomic number as the 
medium in which the measurements are to be made. A special case of interest, 
namely , tlie distribution of y-radiation in animal tissues has been considered 
by Bruzau recently, and similar conclusions come to, with respect to the 
measurement of y-rays scattered in water. 



Fig. 6. 


Ex'peFimmis with Animal TmueB, 

We wish finally to describe experiments in which an attempt was made to 
make measurements with an ionisation chamber, one side of which consisted 
of animal tissues. The physical aspects of the results only will be discussed. 
The graphited paper chamber which previously served as standard was here 
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abandoned as still showing too great variation compared to a standard air 
chamber to act as the standard of comparison against tissues, since the latter 
were themselves likely to be approximately air ” substances. We have 
therefore, constructed a small cylindrical chamber of graphited cellophane, 
14*7 mm. long, 12*7 mm. diameter, having walls 0*002 cm. thick. The 
chamber is sealed with a thin celluloid end, the cylindrical portion being made 
by wrapping the graphited cellophane around a brass former and sealing with 
a saturated solution of cellophane in amyl acetate. This chamber was tested 
against the air chamber as before and it will be seen that from 60 K.V. with 
0*5 mm, A1 filtration to 130 K.V, and 10*7 mm, AI filter, the deviation is not 
greater than the experimental error of 2 per cent. 
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During preliminary experiments it was soon found that the introduction of 
wet fresh animal tissues into an ionisation chamber quickly ruined the insulation 
of the gold leaf system but that dried tissues could very easily be used. More¬ 
over, the dried tissues caused very definite divergences between the two ionisa¬ 
tion chambers. We will here, however, describe the results of a set of rcK ent 
experiments in which the difficulties were overcome and experiments made 
with wet tissues. 

The ionisation chamber (fig. 6) consists of a carbon ring A on to which is 


A 



X-rays 

Fio. 0. 

fixed a graphited celluloid cube B having one side and base removed. The 
anmial tissue lies on a strip of graphited celluloid L which is itself held in 
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position by means of a second strip bent round the ionisation chamber and 
having small flanges turned outward. The central carbon rod of the ionisation 
chamber passes into the chamber through a hole in a celluloid disc E 2 mm. 
thick, the hole being suffieitjntly large to allow the rod to pass without touching 
the celluloid ; 1 mm, clearance is allowed. The rod is insulated by means of 
amber at G, the insulation being thus far removed from the chamber, while 
around the outside of the brass cable carrying the amber and carbon ring, a 
small heating coil {“ Pladuram wire 0-117 mm, diameter) is wound which 
enables the surface of the insulating material to be kept at a slightly higher 
temperature than the chamber itself. The brass cable is protected with lead 
F, 3 mm. thick, so as to avoid stray ionisation in the air, the volume of ai r 
being also reduced to a minimum. It was found that in this way the intro¬ 
duction of wet substances into the ionisation chamber caused no appreciabhr 
natural leak to develop. A number of preliminary experiments were performed. 
It was first verified that the heating of the apparatus catised no appreciable 
variation in ionisation current in the chamber. 

In these experiments each ionisation chamber, the standard cellophane and 
the tissue chamber, had separate insulating cables of different lengths and 
therefore capacities. These cables were led to a specially constructed mercury 
throwover switch by means of which either chamber could be connected to the 
gold leaf electroscope, the switch being carefully electrostatically shielded and 
situated near the electroscope. The observer could, therefore, without dis¬ 
turbing the arrangement, make readings with cellophane chamber and tissue 
chamber alternately. This procedure was adopted throughout, the mean of 
three readings of each chamber being taken, the readings of the two chambers 
being made alternately. In order to find the effects of the differences of length 
of cables, as nearly as possible similar cellophane chambers were fitted to each 
cable. For a number of equivalent wave-lengths the ratio of the ionisation 
currents observed with the two chambers side by side was obtained. Tlie 
ratio was independent of the wave-length and equal to 0-77. The tissue 
chamber now replaced one of the cellophane chambers, the base of the chamber 
being constructed of graphited cellophane in place of animal tissue. The 
ratio, corrected for the difference in volume of the tissue chamber when con¬ 
taining the tissue on top of the cellophane, was 0*78. Thus any deviation 
subsequently observed could not be due to the celluloid or other materials 
used in the construction of the tissue chamber. 

It is clear that we would expect theoretically the animal tissues to be equivalent 
to a cellophane wall for very short wave radiations, say for y-rays. The mean 
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of the ratios of the ionisation currents observed in the cellophane and tissue 
chambers for was 0*78, all types of animal tissue agreeing with this 

value within the limits of experimental error. 



All experimental results given below have been corrected so as to give the 
value l-OO throughout for an air-like subatiince, for instance, graphited 
cellophane. 

A healthy rat was killed and immediately dissected, blocks of skin, testicle, 
brain, spleen, kidney, muscle, heart and liver being taken for examination. 
Ea<?h block of tissue was frozen on to the stage of a carbon dioxide freezing 
microtome and a section exactly 1 mm, thick was cut. This section was then 
trimmed to the correct size to cover the floor of the ionisation chamber, trans¬ 
ferred to the celluloid strip and the ionisation currents in the tdiamber observed 
simultaneously with the curreut in the cellophane chamber as described above. 
The results of one set of experiments are given in fig. 7. The curve for bone was 
obtained by laying slips of human compact bone, approximately 1 mm. thick, 
in the position normally occupied by the single slice of tissue. 

It wiU be seen that for short equivalent wave-lengths that the currents in 
the two chambers do not diverge very greatly from each other, but that for the 
longer wave-lengths the tissues diverge from strict air equivalence and from 
each other. The rise in the ratio is presumably to bo interpreted as the rise 
to importance of the fluorescent absorption in the small amounts of heavy 
elements in animal tissues, but in view of the difficulty of estimating the 
relative importance of the wall radiation and the ionisation in the air itself 
we cannot at the moment carry the theoretical consideration further. The 
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subsequent fall in the ratio, is, as in the case of the foils, to be interpreted as 
the results of absorption in the walls of the chamber and decreasing pene¬ 
tration of secondary electrons. It appears, however, that for long wave 
radiations —0-;3A) a standard air wall ionisation chamber would 
underestimate the ei^ergy absorption in an animal tissut\ but appears to be 
quite suitable for vciry short wave-length radiations. Further expe^riments in 
order to obtain more quantitative infoimation are proceeding. 


Sumniury, 

The paper describes experiments on small ionisation chambers artificially 
made sensitive to different X- and y-radiations by the insertion of foils of 
different elements. It is shown that compared to an air chamber these 
ionisation chambers show a maximum sensitivity in the region of medium 
wave-lengths. The theory of the occurrence of this maximum is discussed. 

A small ionisation chamber suitable for y-ray measurements is described, 
and it is shown that the relative intensity of primary and secondary scattered 
beams of rays was differently estimated according to the materials of which 
the chamber was constructed. 

The experiments wore extended to include the effects to be observed with 
ionisation chambers containing animal tissues. It is shown that again a 
region of maximum sensitivity is observed and that various tissues diverge 
by varying extents from “air equivalence.^’ The significance of these 
observations is briefly discussed. 
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The Swelling of Charcoal, Part I.— Prelimina/ry Experiments with 
Wat&r Vapoury Carbon Dioxide, Ammonia, and Sulphur 
Dioxide, 

By D. H. Bangham, M.A., D.Sc., and Nazim Fakhouey, B.Sc, 
(Communicated by D. L. Chapman, F.R.S.—Received April 10, 1930.) 

The experiments of Meehan* having shown that charcoal increases in volume 
when taking up carbon dioxide, it became an obvious step to correlate this 
expansion with the quantity of gas adsorbed.f In this paper a form of 
extensometer is described which, while sufficiently sensitive and accurate for 
the measurement of the percentage linear expansion (x) of a rod of wood 
charcoal, was yet compact enough to permit its being sealed up in an all-glass 
apparatus, so tliat simultaneous determinations could be made of the weight 
(s) of gas taken up per unit weight of the adsorbent. 

The graphs obtained by plotting the variables x and s have certain interesting 
characteristics which it will be convenient to describe before dealing with the 
detailed results. As fig. 1 shows, the coefficient dxjds increases steadily with #; 
thus far the charcoal behaves similarly to many of the common gels, which 
contract proport-ionately less in the later stages of drying, owing to tlie micellm 
coming in contact with each other. The swelling of charcoal, however, appears 
to follow a more regular course than that of the elastic gels, and in the case of 
ammonia, carbon dioxide, and sulphur dioxide is given within the limits of 
accuracy of our experiments by hyperbolic equations of the type 



where k and S are constants characteristic of each gas. In fig. 1 the experi¬ 
mental values of x have been plotted (for convenience of representation) against 
^/S. The smooth curves for ammonia, carbon dioxide, and sulphur dioxide 
are the graphs derived from equations of the above form, using appropriate 
values of the constants. An additional term (a small additive constant over 
the experimental range) is necessary to represent the behaviour of water vapour. 

* Meehan, ‘ Proo. Roy. Soo./ A, vol. 115, p. 109 (1927). 

t Bangham and Fakhoury, ‘ Nature,’ vol, 122, p. 681 (1928). The relation between the 
expansion and the Borption there given was not oonflrmed when the experiments were 
extended to cover a wider range of values. 

VOL, exXX.—A. 
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The values of the constants k and S for the four gases are set out in the 
following table; they refer in all cases to experiments carried out at room 



Fia, 1.—Expansion of Charooal at lloom Temperature. Absoissfie, Fractions of 
Limiting Sorption Values, Ordinates, Linear Expansion per cent, 

temperature. It is noticeable that the S-values (which are calculable from 
the observations to within a few per cent,) show approximate agreement with 
the regularity observed by Gurvitsch’*' in the case of the saturation sorption 
values, that is to say they represent nearly equal volumes of the normal liquid 
at the experimental temperature. The product SV, (where V* is the specific 
volume of the liquid adsorbate) is, however, rather smaller in the case of *the 
denser liquids. 


* Gurvitech, * J, Kubb, Chem, Soo.,^ voJ. 47, p. 806 (1916), 
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Table I. 

(Teraperature 18“ to 20° C.) 


A:(peroont.) .*. 

S (grams per gram of charcoal) 
Sv, (cubic centimetres) . 



CO,. 

j 

SO,. 

0110 

I 

o-ua 

()-2rj2 

0*1705 

0 15S 

0*139 

0*112 

0*210 

O-ISH 

0’!77 

0*183 

0-151 


m 


Experimei'ital, 

Tlie extensometer used was a nickel instrument constructed to the authors’ 
design by Messrs. Becker & Co. It operated on much the same principle as 
that employed by Meehan, but a scale and pointer were 
substituted for the optical h?ver. The charcoal rod was 
pla<*^d betAveen the adjustftble jaws A, A/ (see tig. 2). On 
expanding, it raised the distance-pieije and knife-edge fixed 
to the upper Jaw, causing a rotation of the lever B about a 
pair of coplanar knife-iMlgcis at C. Vibration of the pointer 
was prevented by two light return-springs at I), while the 
body of the extensometer itself was held firmly inside the 
containing tube by the compression-springs E, E', E''. 

The lever magnified the movement about 40 times, so that 
with the aid of a reading microscope an expansion of one 
two-thousandth of a millimetre could bo detected with 
certainty. The interposition of the curved surface of the 
containing tube between the pointer and measuring instru¬ 
ment rendered necessary the application of an optical 
correction to each reading. 

Perhaps because the return-springs were rather too light, 
the extensometer could not always be relied upon when a 
change occurred in the direction of movement (as, for 
example, when heating and cooling in vacuo). In conse¬ 
quence, the jsero-point reading in each experiment was 
subject to a greater error than readings taken when the 
pointer was moving continuously in the direction of ^ 

expansion. 

This error could be estimated by carrying out series of experiments under 
precisely reproducible conditions; it never exceeds 4 x 10"® mm. 

G 2 
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The large deadspace of the extensometer vessel, a great portion of which was 
subject to the fluctuations of room temperature, rendered the adsorption 
values far more difficult to determine with accuracy. On account of the 
necessity for introducing successive and carefully controlled quantities of gas 
to the charcoal a method was adopted whereby the gas was generated, as 
required, from solid materials contained in a detacliable weighing tube. This 
tube, or generator, which carried a tap, and in some cases also a phosphorus 
pentoxide tube, connected through a push-join with a capillary-tube system, 
from which other taps led on the one side to the sorption vessel and on the 
other to the drying train and pumps. Between each successive generation 
of gas the taps carried by the weighing tube and by the extensometcr vessel 
were closed ; dry air was admitted into the connecting capillary and the 
weighing tube detached and weighed. The unadsorbed residues of gas in 
the extensometer vessel and capillary flystern were estimated by means of a 
mercury manometer sealed to the former. The deadspaces were calibrated 
with hydrogen, an appropriate correction being applied for the sorption of this 
gas by the charcoal. An error in estimating this correction would affect the 
s-values very slightly in the case of carbon dioxide and quite inappreciably 
those of the other gases. 

Between successive experiments the extensometer vessel was submitted to 
prolonged vacuum-heating at 220° C. in an electrically controlled furnace. 
The evacuating system comprised a condensation pump backed by a rotatory 
oil pump. Unquestionably the treatment did not suffice to remove the last 
traces of some of the gases, but the presence of the extensometer and the large 
volume of the containing tube rendered it both dangerous and difficult to 
submit the charcoal to more drastic treatment. The method of correcting 
tlie results for the presence of these 'small residues is described in the next 
section. 

The Charcoal ~k piece of pre-war German willow charcoal was used, cut 
into the form of a rod 8 X 0-8 X 0*8 cm. No means being available for its 
high-temperature treatment, no attempt ’^as made to reduce its ash-content 
by treatment with acid. The ash-content was comparatively low, however, 
being no more than 0-9 per cent. The “ block density of the specimen was 
0*30 grains per cubic centimetre. 

The experimental gases were generated as follows :— 

Ammonia ,—The gas, after preparation and liquefaction, was fractionally 
distilled over solid potash and passed through phosphorus pentoxide 
into a tube containing carefully dried silver chloride. From the latter 
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it was driven, as required, into the weighing? tube, which also contained 
silver chloride. The gas so treated was sufficiently dry to pass through 
a good phosphorus pentoxide tube without tlic latter becoming visibly 
aflectetl. 

Water Vapour .—From hydrated copper sulphate contained in the weighing 
tube. 

Carbon IHoxule .—^From sodium bicarbonate and phospliorus pentoxide ; a 
phosphorus pentoxidt? tube was scaled to the wciglicd generator to 
prevent loss of water. 

Sulphur Dioxide .—From normal sodiuui sulphite and phosphorus pentoxide ; 
here also a phosphorus pentoxide dryiitg tube was used. 


Summary of Results at Room Temperature. 

The reproducibility of the results with ammonia and sulphur dioxide was 
slightly interfered with by the presence of the small residues of tliese gases 
which resisted removal by the normal heat treatment. An extended series of 
experiments carried out witli ammonia, however, clearly showed that the eSoct 
of these residues was slightly to displace* tlie s curves parallel to themselves ; 
the necessary zero-point corrections could, therefore, be estimated by super¬ 
posing the graphs on those given by the uncontaminated charcoal. 

The measurements with water vapour at low s-values showed a curious 
inconsistency which could not be a.scribod to the same cause, since the 
irregularity disappeared when higher values were reached. The results of 
several sorption experiments with this substance are illustrated in fig. 3 by 
plotting X against s/S — s. According to the hyperbolic equation, the result 
should be a linear graph passing through the origin ; since the prolongation of 
the line cuts the axis well above this point, water vapour must bo regarded as 
exceptional, in that even the first traces cause a marked expansion. Further 
investigation of this interesting region was unfortunately impossible, owing to 
the very considerable errors involved in estimating small sorption values. 
Apart from this irregularity the s, x relations appear no different from those of 
the other gases, in spite of the near approach to saturation conditions, and the 
generally anomalous behaviour of water as an adsorbate. 
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0 l-O 2-0 S-O 

Fio, 3.—Water Vapour at 20’. Absciasn «/{S — t). Ordinatea, * per cent. 


The following table summariaes the results of typical experimente with the 
four gases, and gives, for comparison, the x-values calculated from the hyper¬ 
bolic equations. 
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Table II. 

« = sorption value in grams per gram of charcoal. 

X = linear expansion per cent, at room temperature (18° to 20° C.). 


Water. 


S >»■ 0*158 gram, ib = 0-110 per cent. 



«/S. 

X 

obs. 

X 

o«lc. 

Diff. 

X10». 

0*0081 

0*061 

0*018 

0*004 

14 

0*0261 

0*168 

0*036 

0*021 

14 

0*0484 

0*306 1 

0*068 

0*048 

10 

0*0680 

0*430 ! 

0*094 

0*082 

12 

0*0778 

0*492 

0*122 

0*106 

16 

0*0906 

0*573 

0*170 

0*148 

22 

0*1066 

0*874 

0*238 

0*228 

10 


Ammonia. 

8 =» 0• 112 gram, k === 0*262 per cent. 




X 

oils. 

X 

calc. 

0*0099 

0*089 

0-020 

0-025 

0*0166 

0*148 

0-042 

0-044 

0-0227 

0*202 

0*064 

0*064 

0*0878 

0*337 

0*128 

0*128 

0*0466 

0*406 

0*171 

0*172 

0*0612 

0*468 

0*212 

0*212 

0*0611 

0*646 

0*308 

0*303 

0*0653 

0*683 

0*364 

0*368 

0*0706 

1 

0*681 

0-427 

0*428 


Carbon Dioxxps. 


S ^ 0*139 gram, k ^ 0*143 percent. 



«/S. 

X 

oba. 

X 

oalo. 

0*0136 

0*098 

0*016 

0*016 

0*0294 

0*213 

0*038 

0*088 

0*0606 

0*364 

0-081 

0*081 

0*0682 

0*419 

0-102 

0-103 

0*0647 

0*466 

0*123 

0*124 

0*0676 

0*486 

0*137 

0 135 

0*0729 

0*624 

0*168 

0*167 


Sulphur Dioxide. 


8 0*210 gram. 1 

; ■“ 0*1706 per oent. 

A 

./s. 

X 

oba. 

X 

calo. 

0*0221 

0-106 

0*028 

0-020 

0*0501 

0*289 

0*062 

0*068 

0*0777 

0*371 

0-096 

0*101 

0*1021 

0*486 

0*162 

0*162 

0*1377 

0*666 

0*329 

0*327 

0*1424 

0*679 

0*361 

0*361 

0*1486 

0*708 

0*414 

0*414 

0*1622 

0*724 

0*448 

0*447 

0*1632 

0*730 

0*461 

0*461 


Discussion. 

Considered in conjunction with the essentially anisotropic macro-structure 
of charcoal, the observation of Meehan that the expansion accompanying 
adsorption is equal in all directions provides sufficient evidence that adsorption 
is a process afiecting the fine internal structure of the walls of the macropores, 
and not one concerned merely with their free surfaces. The effect of the macro- 
pores is thus to magnify the observed expansion of a given weight of charcoal 
in proportion to the block ” volume. 

Of recent years much evidence has accumulated which suggests that molecules 
adsorbed on solids have, in many cases, freedom of movement in directions 
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parallel to the surface.* Where the surface is plane or convex, this could 
hardly give rise to any distending effect, but it might well be that in the case 
of such a fine-structured solid as charcoal the adsorbed film exerts a wedge¬ 
like action resulting from molecular bombardment taking place at sharp 
re-entrant angles in the surface. 

With the rise of concentration at the free surface of the charcoal there would 
be a more than proportionate increase in the surface pressure, as the ** incom¬ 
pressible ” volume associated with the molecules approaches more and more 
closely the total space available for the adsorbed phase.f 

The limiting sorption values S are to be distinguished from the saturation 
values found by direct measurement of the adsorption in contact with saturated 
vapours. Further experiments with water vapour have indicated that the 
condition of saturation is reached without serious departure from the hyper¬ 
bolic relationship. That the S-values of the four substances examkied represent 
nearly equal volumes of the normal liquids appears to signify that the total 
space available for the adsorbed phase (which, as saturation is approached, 
must approximate more closely to the normal liquid condition) is nearly equal 
in all four cases. It does not, however, follow that the films are all of equal 
thickness, for possibly their area is considerably greater in the case of substances 
which have smaller molecules. 

The Ejfect of Temperature ; Experiments with Ammonia. 

Since the experimental temperature, though nearly constant in any one 
experiment, varied somewhat from one run to another, it was of some impor¬ 
tance to determine the influence of this factor on the expansion measurements. 
Four experiments were carried out with ammonia, covering the range from 0® 
to 76^ C. It was found that for any given value of s the corresponding x was 
slightly greater at higher temperatures. So small was the variation, however, 

• See, for example, Volmor and Adhikari, ‘ Z. Physik,’ vol. 36, p. 170 (1026); Volmer, 
* Z. Physikal Chem.,’ vol. 116, p. 266 (1926) j Frenkel, vol. 33, p. 366 (1926); * Ohem. 
Soe. Annual Beporte/ vol. 26, p. 360 (1926), where further references ate given. 

f Schofield and Kideal, ‘Proo. Roy, Soc.,’ A, vol. 109, p. 57 (1925), propose, as the 
equation of state of molecules adsorbed at the surfaces of solutions, an equation 

f(|,-b)-.«bt. 

where F is the surface pressure, F the (excess) surface concentration, B a constant standing 
for the smallest area the (gram) molecule can occupy, and t a constant depending on the 
lateral cohesion between molecules. The similarity of form between this and tbs empirical 
equation for the expansion is probably not without signifioanoe. 
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that these experiments yielded no indication as to whether the temperature 
changes had influence on one or on both of the constants X: and S. If S be 
supposed constant (an assumption which finds some support from considera¬ 
tions dealt with id the last section), h is found to vary roughly in proportion 
to the absolute temperature, taking the following values at the temperatures 


stated:— 

T(^ absolute) . 273 293 321 348 

A: (per cent.) . 0-231 0-262 0-266 0-306 


It should be remarked, however, that no high degree of accuracy is claimed 
for these measurements, which aimed primarily at assessing the errors introduced 
into the experiments previously described by the fluctuations of room tempera¬ 
ture. 

We are indebted to Dr. Stradling and Dr. Meehan for details of the extenso- 
meters used by them at the Building Research Laboratories, and also for 
adding to our stock of charcoal suitable for extcnsometric experiments. 

An apparatus is described by which the linear expansion of a charcoal rod 
can be measured simultaneously with the quantity of adsorbed gas causing 
it. The expansion (x) is found to be related to the adsorption value (s) by 
equations of the type 



where k and 8 are constants. The values of the latter constant for the four 
gases examined represent nearly equal volumes of the normal liquids at the 
experimental temperature. The hypothesis is advanced that the expansion 
results from the pressure exerted by the adsorbed molecules at sharp re-entrant 
angles in the surface of the adsorbent. The expansion caused by the adsorption 
of a given quantity of gas increases with the temperature. 
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The Distribution of Velocity in an Open Channel of Rectangular 

Section. 

£7 T. £. Abell, M.Bng., and J. H. Lauble, B.£ng. 

(Communicated by J. Proudman, F.R.S.—Beceived Augiut 6, 1930.) 

The particulars given in this short note have been obtained during the 
calibration of a hydraulic channel recently completed at the University of 
Liverpool. The immediate object of the calibration was to explore the central 
portion of the stream and to obtain the limits of the area of cross-section over 
which the velocity of flow parallel to the channel might be regarded as sensibly 
uniform. Measurements of velocity were made at a range of levels and also 
at a series of verticals in the same transverse plane. As the work proceeded, 
from the nature of the observations, it seemed worth while taking the oppor¬ 
tunity of mapping completely the contours of constant axial velocity and so to 
supplement the somewhat limited experimental data* previously obtained 
under laboratory conditions for the flow in a uniform channel. 

The Apparatus .—Water was circulated in a closed circuit by a speed- 
regulated shunt-wound motor driving an axial flow pump which ,drew water 
from the downstream end of an open steel channel of rectangular cross-section, 
and delivered it through a pipe to the upstream end of the channel. The 
arrangement of the chaimel is illustrated by the plan, elevation and sections in 
fig. 1 . Its length between the end plates is 66 feet; everywhere its transverse 
section is a rectangle. It is of the uniform width of 5 feet for 44 feet at the 
downstream end. At the inlet end the channel is bulbous in plan, attaining a 
maximum width of 7 feet, contracting by gentle curves of 41 feet radius into 
the uniform chaimel. Water is delivered vertically upwards into the bulbous 
end through a pipe subdivided by axial baflies L in two vertical planes, 
transverse and longitudinal, in order to destroy as far as practicable the 
“ spin ” of the water as it comes round the bend to enter the channel. The 
longitudinal division was adjusted so as to secure equal volumes of flow in 
each half of the channel. It will be noted later that the calibration showed 
that, with the setting of the longitudinal baffle, the flow was not equally 

• Gibson, ‘ Proo. Boy. Soc.,’ A, vol. 82, p. 149,1909 

United States QeoL Survey, Water Supply k Irrigation Papers, No. 95, Calibration of 
Cornell Channel. 

‘ Hydraulique,’ M. Flamant. Basin. !D*Aioy. 
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distributed, that on one side being the greater by 1 per cent. In order to 
obtain as uniform a velocity of total flow as possible throughout the length of 
parallel portion of the channel, resistances were placed across the widest 
portion of the channel. These consisted of four vertical zinc plates H, per¬ 
forated with holes | inch in diameter. These destroyed the larger eddies in 
the stream escaping from the pipe. The flow was then given an axial direction 
by a neat of copper pipes G, 6 inches in diameter and 2 feet long, placed at the 
maximum width of the channel. In order to quell wave disturbances a wood 
baffle K, with two deep keels placed longitudinally, floated immediately over 
the inlet pipe; in addition, a thin steel plate E extended horizontally across 
the tank over the top of the copper pipes, just below the normal water level 
in the main channel. On its upper face were fitted three breakwaters to trap 
any surface disturbances. On the downstream side of the pipes this horizontal 
plate was perforated with 1 inch holes, so that water from below it cotild feed 
the space above the top of the plate and thus avoid any marked discontinuity 
wheris the plate terminated. As the water flowed through the perforations 
short waves were formed which wotild have persisted along the surface. These 
were quelled by floating over the perforations a sheet of cartridge paper D* 
This gave a smooth surface to the stream. At the central plane of the channel 
this plate was supported by a vertical thin steel plate F, resting on a wood 
base 2 inches wide and 1 inch deep, and by pillars, one on each side, ^ inch 
in diameter. Except for these plate supports the flow was entirely unrestricted 
on the down stream side of the copper pipes, through which the flow was mainly 
parallel to the axis of the channel. 

At the exit of the channel a series of vertical plate baffles C, parallel to the 
sides of the channel, were provided below a horizontal plate baffle B, which was 
about three-quarters of an inch below the surface of the stream. The energy 
of that portion of the stream above the plate was absorbed by a short beach A 
formed by sloping the upper baffle plate. This slope could be adjusted to 
ensure that no waves were reflected upstream. The arrangement of baffles 
was quite effective in preventing the formation of large vortices and the drawing 
of air into the pump suction pipe. At starting there were slight pulsations in 
the flow with wave disturbances, but after a time the pump settled down to a 
steady speed with steady delivery. The channel was coated with a bituminous 
enamel, which initially had a varnish-like surface but became slightly slimy, 
covering a roughish surface due to a deposit from the water. 

Method of MeasuremerU of Velocity .—^Two static pressure tubes were fixed 
at a, a, in fig. 1 conmnmicating with large gauge tubes, If inches in diameter, 
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fitted with micrometer point water-level gauges. These measured the fall of 
water level from still water to the stream level and also the hydraulic gradient 
over a length of 25 feet. Velocity was measured by a Pitot tube of the static 
and total head type. The total head tube was | inch in diameter, the static 
tube had an outside diameter of f inch. The datura for positions at which 
observations of velocity were taken with the Pitot tube was still water level 
determined by a point gauge. 

Tlje two tubes were connected each with a glass gauge tube, internal 
diameter 1-finches, placed at the still water level and so imder atmospheric 
pressure. The changes in water level were measured by point gauges operated 
from above the water surface by a standard screw of 1 mm. pitch fitted with 
a micrometer head. Successive observations were made with the meniscus 
always of the same sign. The Pitot tube was entirely freed from lateral 
vibration. At some positions lateral vibration occurred depending upon the 
unsupported length of the tube, but this was quelled by providing an inter¬ 
mediate support to the tube. 

When the Pitot tube was situated near the surface the readings of the 
gauges became unreliable guides to the velocity, and in order to obtain the 
terminal velocities at the surface pieces of confetti paper were timed by electric 
chronograph, contacts being made by an observer, over a distance of 10 feet 
situated symmetrically about the plane of observation with the Pitot tube. 
These provided reliable terminations of the curves of velocity plotted to base 
of height above bottom of the channel. 

Observations. .-A rather complete set of observations, amounting to some 

1,200, were made over the transverse section S, S, fig. 1. These were plotted 
in the form of velocity head as ordinates to bases of transverse and vertical 
position ; a surface of velocity head thus obtained facilitated the drawing of 
ourves of velocity head at various depths and at various lateral verticals with 
the least departure from the actual observations. The curves of velocity head 
were then converted to velocity. The curves of velocity are shown in fig. 2 
for various constant depths and in fig. 3 for varying depths at three different 
vertical planes, vis.:—at the axial plane and at two planes, 15 inches north 
and south of the axial plane. Fig, 4 shows contours of uniform velocity. The 
full horizontal line of fig. 4 is the still water level. The limited attempts made 
to obtain the fom of the free surface were not successful to a degree which 
would enable it to be definitely stated whether a transverse section of the surface 
was concave or convex. The contours of uniform velocity are therefore 
teminated at the dotted horizontal line which is placed at the mean surface 
level as determined from the static gauges. 
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Fig. 4 reveals ;— 

(a) a lack of symmetry of flow. The discharge indicated by the left half 
of the diagram is 1 per cent, greater than that of the right half. (The 
vertical longitudinal diaphragm of the inlet pipe did not extend 
sufficiently into the pipe to make the discharge on each side of it equal.) 

{b) that velocity increases with depth below the free surface rather rapidly 
at first, then becoming almost uniform over a wide range, decreasing 
again as the bottom of the channel is approached : 

(c) that the velocity commences to decrease with depth at a greater distance 

from the bottom and at a less rapid rate at the central plane than at 
positions on either side of the central plane : 

(d) that two areas of maximum velocity occur, one on each side of the central 
plane and rather near the bottom of the channel: 

(s) that over a large area at about half the depth of the channel the velocity 
was very nearly, though not quite, uniform. 


(o) and (d) seemed to need further examination and additional observations 
were made at transverse sections at c, c, and d, d. These showed the same 
general characteristics, indicating that the general distribution of velocity 
illustrated in fig. 4 persisted and that, throughout the channel, there was a 
very definite and somewhat marked slowing up of the streams near the bottom 
at the central plane. It may be that this is created by the central plate on the 
downstream side of the nest of copper guide tubes, but it is difficult to believe 
that the effect of the frictional drag of the plate would persist in this marked 
way throughout the length of the channel. 

Endeavours were made to measure the pressure gradient at various levels 
near the bottom of the channel, but the changes were so small that it could not 
be established that there was a fall of pressure from the central plane towards 
the sides. Some observations were made on the motion of surface particles 
of the stream by noting the lateral movement of pieces of confetti, but as these 
gave no guide to motion below the surface, observations were made using 
various liquids. Condensed milk seemed to yield the most useful data when 
used in the concentrated form. When diluted, it dispersed too rapidly to yield 
more than general indications that the flow was mainly in the direction of the 
axis of the channel. When used in the concentrated form, the milk was forced 
through a pipette imder a uniform air pressure, so that drops were discharged 
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at uniform intervals of time. By regulating the height of the pipette above 
the water level the drops could be arranged ho that 

(i) they fell through the water surface, 

(ii) they would be dragged from the orifice by the stream just as they were 
about to fall. 

In the former condition a globule fell through the surface, leaving some of the 
drop upon the surface. 

The globule rapidly passed ahead of the surface portion as it fell through 
the water, until it reached the retarded portion of the stream, near the bottom 
of the channel. It was thus possible to observe two particles starting simul¬ 
taneously from the same point, and by standing over the channel it seemed that 
the two particles remained practically in the same vertical longitudinal plane, 
over a length of travel of 22 feet in the parallel portion of the stream. There 
was no marked evidence of a spiral motion of the flxiid. 

Drops dragged from the end of the pipette remained on the surface. These 
were discharged from three positions, the central position and points 16 inches 
on either side. About 40 observations were taken at intervals of 20 seconds at 
each position. Particles launched at the centre drifted definitely towards the 
region of minimum surface velocity, i.c,, a little towards the south side of the 
channel (see fig. 4). From the northern side station there was on the whole 
a drift towards the north side of the channel, some particles drifting south but. 
most going to the north. From the southern side station nearly all the particles 
drifted to the south side of the channel, by an average of 2J inches in the run 
of 22 feet. 

It is clear that the observations here recorded are not definitely appropriate 
to the condition of established steady flow in a long open channel of uniform 
rectangular section, firstly on account of the small inequality of discharge in 
the two halves of the channel, and secondly on account of the proximity of the 
transverse section at which the observations were made to the inlet baffles. 
At the same time the distribution of flow revealed, which persists throughout 
the parallel portion of the channel, is suggestive and perhaps to some degree 
confirmatory, of the double circulation with axes on each side of the central 
plane which has previously been suggested.* 

The slowing-up of the streams at'the centre at the bottom suggests a cause 
for the formation of mid-river banks observed in some river beds. 

♦ See Gibson, /voc. cf^., p. 152. 
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Some Phenomena connected vnth the Transfer of Heat hy 
Radiation and Turbulence in the Lower Atmosphere. 

By D. Brunt, M.A., B.Sc, 

(Communicated by G. C. Simpson, F.R.S.—Received August 13, 1930,) 

1, Tile Lapse-rate near the Ground. 

One of the most outstanding facts of observation of tlje distribution of 
temperature in the atmosphere is the constancy of the mean lapse-rate of 
teniperature at all heights within the troposphere and in all latitudes. The 
variation about the mean value, which is roughly one-half of the dry adiabatic 
lapse-rate, is very slight at all heights greater than a few hundred metres above 
the ground, but in the layer nearest the ground the extent of the variation is 
very considerable. At night, and particularly during clear nights in winter, 
the sign of the lapse-rate in the lowest layer is clianged, and the temperature 
increases with height instead of decreasing. On sunny summer afternoons 
the lapse-rate in the lowest layers attains very high values, the change of 
temperature from J metre to 1 metre above the ground amounting to the 
equivalent of 100 to 200 times the dry adiabatic lapse-rate. Observations 
in the layers still nearer to the ground ate not yet available, but the nature of 
the values hitherto observed suggests that the lapse-rate increases in a marked 
manner as we approach the surface. This raises a very natural question. Is 
there any limit to the lapse-rate which is physically capable of formation in 
the atmosphere immediately above the ground ? 

In an earlier paper,♦ I have shown that the outward flux of heat (W-radiatiou) 

8T 

by radiation can be represented by — ifc ^ oalorie8/cm.*/min., where k is 

116/p„ at a temperature of 276" A., p„ being the vapour pressure in millibars, 
and T representing the absolute temperature at a height s above the ground. 
The average amount of incoming radiation which has to be disposed of is 
given {loc. cit.) as 0-275 calorie8/cm.®/mm. This, however, is the average 
over all latitudes, and over day and night, and is too low a value for our present 
purposes. We shall adopt instead an amount equal to black body radiation 
at 280® A. amounting to 0-509 caIori68/cm,*/min. Of this, an amount 0-290 

• ‘ Proo. Roy. Soo.,’ A vol< 124, p. 201 (1929). The name “ W-radlation ” was Intro¬ 
duced in that paper to denote radiation restricted to those wave-lengths within which 
water-vapour amounting to 0-3 mm. of precipHabk water radiates like a blaek body. 
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calories/om */mm. leaves the ground as W-radiation. These figures would 
roughly correspond with afternoon sunshine in the British Isles, If we assume 
the temperature gradient in the layer near the ground to be ST/Ss, then it has 
been shown (he, cit) that in this layer the amount of W-radiation transported 

0T 

outward by radiative diffusion is - Ik . If the lapse-rate has the value 

- 

given bv the equation 

0T 

dz 

then conditions will remain steady, since the incoming and outgoing radiations 
will balance. If the lapse-rate momentarily exceeds this value, it will carry 
out more radiation than the amoimt appropriate to steady conditions, and will 
cool the lowest layers, thus reducing the lapse-rate to the critical value. There 
is therefore a maximum value of the lapse-rate near the ground, whose value 
is approximately 

0*29 X 2p„;/116 == 0*005p^ 

or 50 times the dry adiabatic lapse-rate (10“"^ degrees per centimetre). 
If is 10 millibars, the maximum lapse-rate is about 600 times the dry adis- 
batic value. With a high sun and a clear sky, the amount of incoming radia¬ 
tion may attain more than double the value we have used as a working figure, 
and the maximum lapse-rate deduced from the formula may then be more than 
1000 times the dry adiabatic. This would correspond to a difference of C. 
per centimetre. 

The argument used in the last paragraph only shows that there is a definite 
upper limit to the lapse-rate which is thermally possible near the ground. It 
is not of necessity true that the conditions corresponding to this maximtim 
value are dynamically possible. The argument used above neglects all effects 
due to turbulence, and does not take into account the stability or instability 
of the layer in question. 


2. The Combi^uid Effects of Radiation and Turbulence, 

It was shown in the earlier paper referred to that in the atmosphere the 
vertical transfer of heat by radiation can be represented by an equation of the 
same form as that for the conduction of heat in a solid. If X is the temperature 
at height z 

0T ^ 0*T 
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where Kji is a constant for which the name “ radiative diffusivity ” was sug* 
gested. It is of the order of magnitude of 10* in C.G.S. units. 

In the same paper it was shown that the vertical transfer of^^heat by the 
action of eddies can be represented by a similar equation 


^ K ^ 

dt ?s* • 


(2) 


where Kk is the eddy diffusivity, whose order of magnitude varies from zero 
to 10* in e.G.S. units. 

It is assumed in the derivation of these equations that Kr and Kk do not 
vary with height. This is admittedly true only to a first approximation. The 
joint effects of radiation and turbulence may be represented by the single 
equation 

?)T .V. , . 0*T ... 

~=.(Kr + Kk)^. (3) 

It follows that the examination of thermal records of any kind cannot yield a 
direct estimate of either Ke or Kr separately, but can only give their sum 
Kb 4- Kr. Wo know, however, that the order of magnitude of Kr cannot 
exceed 10*, and if the sum Ke -f Kr comes out much greater than this, say 
of order 10*, we may take this value to be Ke, since only a small fraction of it 
can be accounted for by Kr. 


3. The Upward Transfer of Changes of Surface Temperature. 

G. I. Taylor has discassed* the upward transfer of changes of surface tempera¬ 
ture by eddy motion. His analysis can be used in conjunction with equation 
(3) above to treat the combined efiqcts of radiation and turbulence. Taylor 
discussed two cases :— 

(а) The surfao<i temperature changes uniformly at a rate p° €. per second, 

so that the surface temperature at time t is Tg = Tq -j- pf. 

(б) The temperature of the surface layer changes suddenly from Tg to T r, 

and afterwards remains constant. 

We shall suppose that initially the lapse-rate is constant at all heights, so 
that T = Tg -j- ^z. We introduce a variable C i>y 

!?«=«*/4(KR-f Kb)<. 

‘ Phil Trana.,’ A, vol. 215, pp. l-'26 (1915). 
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Com (a ).—The appropriate solution is 

T == Ts + + pt [(1 + 21?) (1 - erf 0 - 27 t-* !;«-<] 

= Ts + pz + tj> (i;), say. ( 4 ) 

Taylor shows that at IJ = 0 ■ 8 ( 1 ^) ~ 0 • 1, so that the effect of the variation 

of surface temperature is negligible beyond the height corresponding to 1^ = 1, 
i.e., beyond the height given by 

2^ — 4 (Kh + Kk)^• ( 5 ) 

Case (b ).—The appropriate solution is 

T^^=T,+ P 3 + (T'8-TB)(]-crfi:) 

==T8+(T's-T8)x(a (6) 

X (Q = 0-1 when IJ — 1 * 16 , and x (0 ~ 16 when C = 1 -0, and we may again 

assume with Taylor that at heights beyond those given by ^ — 1, or 

2 *- 4 (Kk + Kk)/, (6) 

the effect of the upward diffusion of heat is negligible. Taylor used equation 
(8) with Kk instead of Ka + Ke. 

These results were used by Taylor to deduce the values of Ke, from the 
observations of the heights at which pronounced bends in the temperature- 
height curves were found to occur. 

If we assume a value 10® for Kk -f Kb, corresponding to fairly turbulent 
conditions, Ke being greatly in excess of Kb, then the height to which a surface 
change of temperature is transmitted in t seconds is given by = 
or 2 as 2 ’ 10*Vl0t where z is in centimetres. The height in metres is given by 
s = 2’\/l0<, so that in 10 seconds the greatest height to which a disturbance of 
surface temperature is transmitted is 20 metres. 

The result is most simply seen from the following table:— 


l>epth of heated 
layer. 

K\i + Kk w* 10*. 

Kn + K» = 10*. 

Kr + K* =. 660. 

00 om. 

0'006 Bee. 

0*0 sec. 

1 Bee. 

1 metre 

0‘0a6 „ 

20 „ ! 

4 

« i 

0*630 M 

1 min. 

100 „ 


2'5 

4 1 

6} 

*0 „ 

32*6 

37 ,, 

60 min. «#> 1 hour 

100 ,, 

200 

400 „ 

11 houTB 
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It is of iaterest to apply these results to discuss the effect of the sudden 
appearance of the sun from behind a cloud. The ground and the air in contact 
with it are raised to a higher temperature almost instantaneously, and the 
temperature of the surface remains afterwards fairly constant, so that the 
phenomena can be discussed under case (i) above. 

We may use equation (6) to determine the lag in the rise of temperature at 
different heights. The time t = 25^/4 (Ke + Kb) is about equal to the interval 
which should elapse between the initial rise in temperature at the ground and 
at height z. The time so deduced will vary within very wide limits as Ku + Kb 
is very variable. Instrumental records are seldom available in a suitable 
form to determine t with any degree of accuracy. In addition no instrumental 
records are available giving the time of commencement of sunshine after cloud 
with accuracy. If the times and for commencement of the rise of tempera¬ 
ture at heights Zi and available, the value of Kr + Kr is readily seen 

to be 


and it is possible that this method might be adopteil in some cases to measure 
Ke + Kk. The method can only yield useful results when the time difference 

— t, is fairly long, say, at least 10 minutes. 

When only radiation is effective, conditions being initially very stable with 
no turbulence, Ke + Ku must be replaced by Ke. We shall adopt as the 
value of Ke the figure 660, a value found to correspond closely with average 
conditions. 

If now the ground is heated, either suddenly by the appearance of the sun 
from behind a cloud, or gradually by the normal continued action of the sun, 
the depth of the layer at the ground which has become heated at time ( is 
given by 

2 = = 60<* centimetres. 

The depth of heated layer for different intervals of time is given in the last 
column of the table above. 

It will be noted that the effects of radiation are limited to a shallow layer 
near the surface, since the layer affected by surface changes only extends up 
to 100 metres in 12 hours. The major diurnal ohar^ of temperature in the 
upper air cannot therefore be regarded as due to radiation transmitted from 
the ground upwards. 

This is confirmed when we investigate the diutnal changes of temperature 
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on tho basis of equation (5) above* The solution of this equation which corre¬ 
sponds to the boundary condition of a diurnal curve of temperature 

Asm(27ct724) 

(where t' is measure<l in hours) at the ground is 

T = sin ( 271^724 — 62 :) 

Here 

-V :r/24(KK + Ke) X W) X 60. 

If we neglect Ke, and let Kr = 650, we shall obtain the relation corresponding 
to radiation acting alone. 

— Tty'24 X 650 X 3600 and 6 — 2*4 X 

Th(! amplitude of the diurnal variation of temperature will have fallen to 
1 je of its surface value at a height given by 62 : — 1 or 2 ; — 4000 cm. It will 
have fallen to 1 / 10 th of its surface value at a height of 100 metres, and to 
1 /100th of its surface value at a height of 200 metres. The time of maximum 
at a height of 40 metres would be retarded by nearly 4 hours, that at 100 metres 
by nearly 9 hours, and that at 200 metres about 17J hours, after the time of 
maximum temperature at the surface. 

The effects of radiation alone are therefore only of im|)ortance in the layer 
in immediate contact with the surface of the eartli, and the large scale variations 
of temperature with height cannot be explained as purely radiational effects. 

In this discussion it has been assumed that all radiation is either completely 
absorbed or completely unabsorbed in a layer containing 0 • 3 mm. of precipitable 
water. The effect of the presence of radiation which is only partially absorbed 
will modify to some extent the results derived here, and may cause the esti¬ 
mated depth of the heated layer to be in error by a fraction of the computed 
depths. For the discussion of meteorological phenomena and the general 
question of the stability of the lower atmosphere, a small error in z is not of 
serious consequence. 

4. The Formalum of Noclumcd Ifwemam. 

The radiation from the ground to a clear sky at night rapidly cools the 
surface and consequently the air in contact with the surface. The spreading 
upward of this cooling effect can be treated by the method of § ^ above. The 
temperature of the air in immediate contact with the ground will be assumed 
to fall at a uniform rate p"" C. per second. Then we may use equation (4) 
al)ove, with the sign of p changed* The table given in § 3 will now give the 
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height to which the radiative cooling extends in a given time, and the effect 
of radiation acting alone is given by the figures in the last column. It is seen 
that the inversion of the lapse-rate at the ground exttmds to 30 metres in 1 
hour, to about 42 metres in 2 hours, to 60 metres in 4 hours, and to 100 metres 
in 11 hours. These figures are roughly in accordance with such observations 
as are available. N. K. Johnson* has described in some detail the obstuvations 
at Porton up to a height of 17 metres above the ground. With the mean value 
of Kk we have adopted, the inversion should extend to 17 metres in about 20 
minutes, and this is of the same order as the times yielded by Johnson^s 
observations. It will probably be found that inversions grow rather more 
rapidly than might be expected from the figures derived above, since in practice 
there is always some turbulent motion in the atmosphere, particularly in the 
early part of the night. But the observed growth of nocturnal inversions agrees 
much more closely with the theoretical result with radiation acting alone than 
the growth of large lapse-rates during the day time. 

The figures derived above were communicated privately to Major A. R. 
Low, of the Air Ministry, and furnished the necessary physical basis for 
numerical application of the criterion for instability of a layer of atmosphere 
heated from below, both for the critical solution and for multiple solutions of 
the differential equation involved.f These multiple solutions involving more 
than one circuit of motion in the depth of the layer appear to be capable of 
explaining the existence and persistence of super-adiabatic lapse-rates. Major 
Low’s discussion of this question is being presented to the third International 
Congress for Technical Mechanics at Stockholm, August, 1930. 

* Johoson, ** A study of the Vortical Gradient of Temperature in the Atmosphere near 
the Ground,’^ * M.O. Geophysioal Memoir/ No. 46 (1929). 

t ‘ Proo. Roy, Soc./ A, vol, 126, pp. 180-196. 
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Extended Energy Functions of the Hydrogen Molecule. 

By P. M. Davidson, PhJ)., and W. C. Prick, B.Sc., University College, 

Swansea. 

(Cominunicated by O. W. Kichardson, F.E.S.— ^Iteceived October 16, 1930,) 

The potential energy U of a diatomic molecule will be here defined as the 
work which must be done on the nuclei in order to alter their separation slowly 
from its equilibrium value Tq to its actual value r. It is usually expressed 
as a power series in a quantity defined as {r — ro)//©. The number of terms 
of this series which can be evaluated with reasonable accuracy depends on the 
particular spectrum, and the series represents the potential energy correctly 
for a greater or less range on either side of the equilibrium position; but it 
becomes quite incorrect both at very small distances, where it should approach 
infinity, and at very large distances, where it should tend to a constant value 
asymptotically. For the various states of hydrogen such series have been 
calculated by Richardson and Davidson in “ The Energy Functions of the 
Hydrogen Molecules.’ 

An attempt to represent potfmtial energies throughout a greater range has 
recently been made by Morse,! who shows that if the potential energy, on the 
above definition, were given by 

( 1 ) 

D and a being constants, then the vibrational energy levels would be of a simple 
and frequently occurring typo, being expressed by 

E„ === (2D/(x)i {ahl27z) (n + i) (n + i? 

= ho>Q [n + I) — hu>^> (n + (2) 

where coq is the frequency for infinitesimal amplitude, and = D/A. 

If D is “ expressed as a frequency/’ the right-hand side of this last equation 
becomes simply D, and the equation is then unaltered if everything is expressed 
in wave-numbers. U goes asymptotically to a constant value D at r =r=:Qo, 
as it should do; and Morse shows that tliough it does not actually go to infinity 
as r goes to zero, yet in most cases it goes to a decidedly large value. 

FuesJ has shown that if U is represented by a series expansion all levels 

♦ ‘ Proc. Boy. Soc./ A, vol. 125, p. 23 (1929). 
t ‘ Fbys-Bev./vol 34, p. 1 (1929). 
t * Aim* Physik,’ vol 80, p. 367 (1926). 
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which can be interpreted on the old mechanics can be interpreted also on the 
new theory. Morse’s calcnlation employs the wave mechanics, and if instead 
the old mechanics is applied to equation (1), the expression for E„ is obtained 
from (2) on replacing n + J by n throughout. It is hardly legitimate to deduce 
this directly, for all integral values of n, from the formula of Fues, but an 
independent proof can easily be given. The quantum condition is 

(|) p. rfr (J) (2^)S [W ~ U (r):Nr 

= (f) - [ -- ( 1 ) ~ W) + 2 Da- - dx ^ nh, ( 3 ) 

J ajp 

in whicJi the substitution x has been made. Considering the 

.4rgand diagram, the path is a loop lying along the real positive axis, with one 
of its extremities between 0 and 1, and the other between 1 and 2. The 
required integral is the difference of tw'o terms, obtained by taking the integra¬ 
tion round two paths, the first a small circle about the origin, the second a 
circle at infinity. The first integral is obtained immediately from the residue 
of the integrand at the origin, and the second in a similar manner after making 
the usual substitution y = 1 /x. Giving the terms their (correct signs, re¬ 
arranging and squaring, we have 

D - W =- [ (on/(/27iV2jI) ~ VBJ* 

from which we find at once that the value of the quantised energy W is identical 
with the expression (2) for E„, with n + i replaced by n throughout. 

For hydrogen, unfortunately, the inaccuracy of U curves drawn from the 
Morse formula is probably appreciable. In the fust place, the inherent failure 
for small values of r is here rather marked, especially in 2^ £, for which, using 
Morse’s figures, the value of expression (1) at r = 0 is only a little over 2D, 
instead of infinity. In the second place, the formula is only applicable if the 
vibrational energy levels are represented fairly accurately by (2), and for some 
states of hydrogen this is by no means true; thus the value of D, obtained by 
extrapolating the first two vibrational levels of 2^ S, differs considerably from 
the value obtained by extrapolating the whole series of the known levels. 

It is therefore interesting to see whether, for this simple molecide, a XJ- 
formula cannot be derived from a separate consideration of all the forces from 
which it arises. Imagining the nuclei held at a given separation, we have 
firstly the repulsion between them; the force inwards on each is — «*/r*. 
Consider now one of the electrons. At a given instant it exerts a force on 
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each nucleus; the arithmetical mean of the components, measured inwards, 
along the intemuclear axis, will be called the ‘‘ effective force of the electron/' 
and its time-average the “ mean effective force of the electron,” say fi for the 
one electron and for the other. Now the intemuclear component* measured 
inwards, of the force which the electronic system exerts on one nucleus must 
be equal, in a time average, to that which it exerts on the other; for the 
principle of action and reaction shows that otherwise the centre of gravity of 
the electrons would not be remaining in the vicinity of the nuclei. This 
force is thus, by definition, the sum of the two “ mean effective forces ” of 
the electrons. Thus when the nuclear separation is increased by dr an amount 
of work (fx ”h/ 2 ) has to be performed against the electronic forces, whether 
one or both of the nuclei be moved. The total work which has to be done 
IS {fx +/2 — dr, and integration gives 

U = {tVr) + j/j dr 4- j/a dr + (', (4) 

the constant being chosen so as to make U zero at r ~ /q. 

To see how/i and /* vary with r, consider one of the electrons, and let ihe 
nuclei be close together, so that their separation dr is small compared with the 
distance x of the electron from the centre of the nucdear axis. If the angle 
between the directions of dr and x is 0, the effective force of the electron is 

(1 — 3 cos® 0) dr. (5) 

Thus the effective force changes from an attraction to a repulsion as 6 passes 
through 65°, for which angle? cos® 0 = The force is proportional to dr, 
and vanishes when the nuclei come together. Now if, in the actual molecule, 
the nuclei, initially together, are drawn slowly apart tlirough a small distance 
dr, the variation in the electronic orbits will in general be small, so that the 
mean effective force of each electron will be proportional to dr (unless the; 
multiplier of dr in (5) happens to have a mean value zero for this electron's 
orbit). We conclude that if, say, fx is plotted against r, the curve starts from 
zero at r s:s= 0 with a slope which is generally finite. It returns to zero a8)inpto- 
tioally at r =K 00 , for at that stage we have two hydrogen atoms, and the force 
on a nucleus due to the distant atom is vanishing, and so is the force needed to 
hold the nuclei apart; hence tlie mean force on the nucleus due to the adjacent 
electron is also vanishing; thus the mean effective force of that eletdron 
vanishes. 

A simple function having all the properties required for the mean effective 
force is arc"****, and if we replace the factor ur by a power series in r, we may 
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hope to get a good approximation. It may not give quite the correct type 
of asymptotic approach to zero as r -*■ oo, (possibly it should fall off as a finite 
negative power); hut the numerical error should everywhere be small. U 
expressed in volts has now the form 

U -- (A/p) -)■ I S (anp^-*" + Kp”c-i^) dp + C. (6) 

J n 

Here p = A = 26*9 X (rn/^o), ra being the radius of the first circular 
Bohr orbit of the hydrogen atom. The values of and /j corresponding to 
(6) may conveniently be expressed as multiples of (e®/rH®), the force between 
the nucleus and electron in the first Bohr orbit of hydrogen. The value of 

/i 

0-037 X (rn/ro)e-*o2o„p’* (7) 

n 

and /j is obtained by changing a and a to 6 and p. 

Considering only the first two terms of each summation (n equal to 1 and 2) 
wo have on integration 

U = (A/p) — c (A) (1 atp) -{- A2(2 -f" 2otp -f- (x®p®)] ~ ... -(-H (®) 

Here Aj = Oj/a®, A* = Uj/a®, and similarly for Bj and Bj; the dots indicate 
that the expression involving {3, Bj and Bj is omitted, its form being obvious. 
The constant C is replaced by D, since its value is evidently IJ (oo). The 
values of A and D are known for every molecular state,* and the normal pro¬ 
cedure for determining the other constants would be to find an expression for 
the quantised energy levels permitted by (8). It will appear, however, that 
for the accuracy which we shall here employ, the same result can be had by 
expanding (8) as a series in ^ for the neighbourhood of r = Tq, and comparing 
the coefficients with those found by Bichardson and Davidson. Those series 
employ the old mechanics, but, as explained there, the corresponding formula; 
on the wave mechames are easily found; since the coefficients are only altered 
by a few per cent., we shall here use the old meohanios. It is to be remembered 
also that the first two or three terms of each series may be taken as fairly 
accurate, later terms being liable to an increasingly large error. The con¬ 
ditions to determine the constants are then :— 

(1) As r -► 0 the expression for TJ becomes {(A/p) — (Aj -j- 2Aj B^ -f- 2B,) 
-f- D 4- vanishing terms}. The value of the bracketed constant is known, 
since the electronic orbits become those of the helium atom. 

(2) In the expansion in powers of 5 the constant term is zero. 

(3) The oofficient of ^ is also zero. 

* hoc. cit. 
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(4), (5), (6) The coefficients of those found by Richardson 

and Davidson, 

We begin with the first approximation, setting Ag == Bg = 0 in (8); that 
is, for each electron we take only the first term of the series for the mean 
effective force. We will determine the values of a and p from the 

conditions (2), (3), (4) and (5). Whether the result is a good approximation 
may be judged by the extent to which the other conditions are satisfied. 

For the level which they called 2®S, and which is now called 28^ S in the 
standard nomenclature,* Ricdiardson and Davidson find 

U = 0*24^2 _ ... (9) 

The conditions which we are using thus ensure the vanishing of the constant 
and the coefficient of and the values 6-24 and — 10*2 for the coefficients of 
^2 and Wo find Aj - 17*05, B^ - 20*7, a 3-482, p 1-05. These 
give a, series 

IJ -- 6-24|2 10*2^3 + ]3-4^4 - 15-6?^ + ... . 

The bracketed constant in condition (1), which is here simply A^ + B^, has 
a value 37f. It should bo 42. This means that the sum of the areas of the 
fi and /a (curves over the whole range r 0 to r ~ x is less than the true area 
by about one-tenth of its amount. The area in the range to x is correct, 
for this is the condition (2); the error is in tlie range 0 to where the area is 
too small by al)Out onc-sixth of the tnie value. These results are satisfactory 
for a first approximation; in fact, the inaccuracy of the later terms in (9) 
would make a further approximation on their account unjustifiable. 

For 2^8, now called Richardson and Davidson found A -- 10-9, and 

U-: 2-84^2 _ 4.63^3 7.46^4 11-65^+ 

and the above procedure leads to a ~ 3-891, p> — 0*875, Aj = 18-76, and 
B^ ™ 16*00, giving 

V 2-845^ 4-63^» + 8-0^^ ~ 11-35*^ + ... 

and for A^ + Bi the value 34| instead of 41, so that the total area of the/^ 
and/n curves is less than the true area by about one-seventh of its amount. 

For 3*P, now called 3p*n, Richardson and Davidson found 

U 6-37^8 _ 8.36^3 8*46^ - 8-38?» + .... 


* Bioharditon has given a diagram of all the molecular states in ‘ Proo, Roy, Soc.,’ A, 
vol. 126, p. 48?! 
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♦ 

The value of A is 13 • 5, so that the last two terms of the U series are numerically 
smaller than would be expected by analogy with the other states, A fairly 
good general agreement is given by a 4-3866, fi — 1-14, A]i = 18-5, 
r." 21-8, giving 

U 5*375® - 7*35® + 9-55^ - 12*656 + ... 

and for A^ + a value 40-3 instead of 38. The total area of the force curves 
is thus a little too great. 

It thus appears that the methewj is satisfactory for the primary purpose of 
finding a U formula w))ich sliall be fairly correct throughout the whole range, 
and W'C may conclude that the curve of (/i +/g) gives a fair representation of 
the mean force which the electronic system exerts on either nucleus. There 
is, however, no evidence that each/may really be regarded as the mean effective 
force of one electron ; this, in fact, seems too much to expect. The curves 
are shown in the figures using the units of force specified above. The great 
difference between and ^ point in their favour; for we are dealing 
essentially with an inner and an outer electron, and on account of the factor 
iicr^ in (5), together with the comparatively slow variation with G, we see that 
if the orbits are at all similarly orientated the / of the inner electron is likely 
to be very much the gi’cater for small values of r ; that is, its curve will have 
the steeper rise from xero at r 5 = 0. It is also likely to attain a larger maximum. 
Accordingly/i should be given to the inner and/g to the outer electron. 

•4 

•3 

*2 

*1 


0 
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Summary, 

Previous formulee for the potential energy of a diatomic molecule are, from 
their nature, valid for only a limited range of the internuclear distance, failing 
either at small distances, or at large distances, or both. An attempt is here 
made to derive a formula applicable to the full range. This formula appears 
as the sum of two series, and for the various states of hydrogen it is shown that 
even if only the first term of each series is taken the formula satisfies, approxi¬ 
mately, all the comlitiojis which are required of it. The significance of the 
two series is discussed in terms of the forces between the components of the 
molecule. 


On Optical Pyrometry. 

By A. C. Egerton, F.R.S., and M. MinFORi>. 

(Received October 6, 1930.) 

The most convenient and accurate instrument for the measurement of high 
temperatures is undoubtedly the disapiMjaring filament pyrometer.* During 
some work on the vaporisation of palladium and nickel, Mr. C. W, Gibby and 
one of the present authors had occasion, some years ago, to design a modifica¬ 
tion of this pyrometer, so as to magnify small filaments of these metals, which 
weare heated to incandescence electrically. Recently, having undertaken 
investigation of the carbon arc at high pressures, the methods of pyrometry 
then used have been extended, with the object of diminishing some of the 
difficulties connected with optical pyrometry. 

The first difficulty is that the readings of the ordinary optical pyrometer 
are not independent of the distance, when sighted on a small source, such as a 
filament, for the reason that the cone of rays from the source does not fill the 
exit aperture completely. It is therefore essential to magnify the source of 
light. It is unnecessary to describe here the magnifying pyrometer which was 
constructed, because the design of the optical part of the instrument is similar 
to that detailed by Fairchild and Hoover,f and the position of the diaphragms 
and lenses for good definition agreed with those specified by those authors, 

• Holbcm and Kurlbaum, ‘ Ann. Physik,’ vol. 10, p. 225 (1903); Burgess, ‘ Bull. Bur, 
SkU.; V0l 1, p. 189 (1904). 
t ‘ J. Amen Opt. Boc./ vol. 7, p. 643 {1923), 
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although arrived at independeutly of their recommendatioufi. Provisioi) 
waa made for two different magnifications by removal of the front component 
of the objective lens, the latter being at a fixed distance (36 cm.) from the lamp. 
When investigating the temperature distribution over a small source, it is 
very convenient to be able to suit the magnification to the size of the object 
or the hounds of the working distance. The working distance for the higher 
'magnification (X 20) was 20 cm., and with the front combination removed 
about 45 cm. As a precision instrument, the magnifying pyromet^er* * * § has 
advantage over an ordinary optical pyrometer, because it can be sighted on a 
source which, being smaller, is raort' easily maintained at a uniform and 
constant temperature. 

For the work on vaporisation from filaments, a Corning red screen and sectors 
to cut down the light intensity were quite satisfactory; temperatures above 
2000° K. were not involved. But for measurements of arc temperatures 
(3500° K. and upwards), corrections have to be made for the change in effec¬ 
tive wave-length of the red glass in combination with the approximately 

neutral ” absorption screens which are employed to diminish the intensity 
of the light source. The determination of these coircctions has been discussed 
in detail by various authors,^ notably by Hoffmann. Screens have been found 
whose absorption changes with wavelength in such a way as to compensatii 
for the variation in spectral intensity of the source as tlie temperature changes. 
These adjustments and corrections, which may amount to about 60° at 3500° K., 
become unnecessary if the intensity match could be made under monocliromatic 
conditions. The spectral pyrometer of Henniiig§ effects this, but the instru¬ 
ment is more cumbersome than the j)yrometor alone and tlie slit width is 
such that a band at least 100 A. broad is used. Pirani|l suggested the use of 
dyed filters, such as Wratten c"' green, transmitting from about 5100 to 5700 A. 
The effective wavelength changes only by 1 per cent, for a temperature rise 
from 1000° to 4000° instead by of as much as 3 per cent, for the red glass 

* Henning and House, * Z. Physik,’ vol. 29, p. 157 (1924); Forsythe, ‘ Astrophya. J.,* 
vol. 43, p. 295 (1916), 

t Foote, * Bull. Bur. Stda.,’ vol. 12, p, 483 (1910). 

X Hoffmann, ‘ Z, Fhyaik,’ vol. 17, p, 1 (1923); Hyde, Cody and Foraythe, ‘ Astrophya. 
J,,’ vol, 42, p. 294 (1915); For^be, ‘ Trans, Faraday Soc..’ voJ. 15, Part 3, p. 21 
(1920); Henning, * Z. Physik/ vol 30, p. 285 (1924). 

§ ‘ Z. Inst. Knndc,’ vol. 30. p, 61 (1910); c/. Mendenhall, ‘ Phys. Bev.,’ vd. 33, p. 74 
(1911). 

II ‘ V, Deut. Phys. Ciles./ vol. 15. p, 826 (1913); cf. Hoffmann, ‘ Z. Inst. jEtunde,' vd, 
41. p. 170 (1921), 
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(Jena F, 4612). Pirani also pointed out the advantage of using a green screen, 
since the eye’s sensitivity is a maximum at 5600 A. The permanency of dyed 
filters, however, would l>e questionabh^. 

For the present purpose, a special composite glass filtiT was devised. Use 
was made of the sharp edge of an absorption band of a “ didymium ” glass 
(Jena B.G, II) at about 5750 A, The small region between that edge and that 
of a band at 5550 A. in the green glasi^ (V.G. 3) is transmitted with little absorp¬ 
tion. The region is still further narrowed and the r<‘st of the spectrum 
eliminated by means of an orange glass (O.G. 2). A green glass (V.G. 1) 
completes the absorption of the red regions. The various glasses are cemented 
together with balsam ; the transmission curves for Idle several glasses are 
given in fig. 1. The transmission of the composite glass is given by the full 



Fig. 1. 


line, A band of light 130 to J40A. in visible width is transmitted between 
6740 and 5600 A. ; the greater part of the energy (about 70 per cent.) is within 
the region 5670 ± 25 A. Thus a filter is obtained as monochromatic as is 
needed to avoid appreciable errors arising, when extrapolating by the aid of 
Wien’s equation from regions of t(OTperature in which the pjTometer can 
conveniently be calibrated, up to arc temperatun^s. The change in the spectral 
absorption of the “ neutral ” glasses was found too small ov?5r such a narrow 
band to require correction. The filter transmits in the region of maximum 
sensitiveness of the eye, and furthermore, extrapolation by Wien’s equation 
(in distinction to Planck’s) is valid to a higher temperature in green light 
than in red. Temperatures below 1100® C. cannot be conveniently measured 
with such a composite filter, but it is hoped to make a simpler filter on similar 
VOL, OXXX.—A. 
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lines which will transmit more light. (The filter described lets through some 
light in the region filOi) A., but it is so small a fraction of the total that it 
does not contribute sufficient to affect the calibration of the pyrometer.) 

The next t rouble witli an optical pyrometer is its calibration. For this 
purpose, knowing X the wave-length (or “ effective wave-length C 2 , Wien’s 
constant (l.4v)2 cm. per degree) anil the temperature of melting gold> the 
Wien equation is used, 


H, _ 0-4M3C2 / I 1 

Hg A i Xa Ti 


where Hj/Ha is the ratio of tlie intensities of the images of tht* sourc(*, having 
the same brightness as a bla(ikbo<ly at Tj and T 2 respectively. A blackbody 
source is essential unless the brightness temperature or the reflection coefficient 
of the source is known.’*' If the pyrometer can be compared with the readings 
of an instrument; wliich has already been standardised against a blackbody at 
known t^jmperatures, then inter-comparisons on the same lamp can be made, 
btit primarily measurements must be made on a blackbody. A blackbody 
furnace is costly, and the difficulty of obtaining uniform temperature con¬ 
siderable. Furthermore, the working distance of a magnifying pyrometijr is 
often too small for convenient observation of the temperature of such a furnace* 
Mendenhallf first suggested the use of an electrically heated wedge as a black¬ 
body source, and showed that for a wedge of 10°, with reflecting surfaces made 
of platinum, the emission is 99 * 8 per cent, black. He also showed that for the 
thin metal used, the outside temperature was within a fraction of a degree of the 
inside. It is possible to determine the outside temperatures by watching the 
melting of small pieces of metals (c.r;., gold, nickel, palladium, etc.) of known 
melting point placed on the outside.J A blackbody source easy of construction 
is thus available, upon which a inagnifying pyrometer can be standardised. 
The arrangement used in the present work is sliown in fig, 2 (plan and elevation). 
The wedge is formed of platinum foil (0*001 cm. thick) on the part A; it is 
slid into position and clamped by the shaped plates and Bg, The wedge 
measures 5 X 0*6 cm., the angle being 10°, The block B^y running on guides, 
is fitted with a spring attachment, so that the wedge is kept under slight 
tension and maintains its shape when heated. The holder fits into a tube and 
concentric rod, insulated from each other, and carried by the ground cap of 


* Henning, ‘ 2. Ifiieetrochcni.,’ vol. 30, p. 309 (1924). 
t * Antrophys. J.,’ voJ. 33, p, 91 (1911). 

J Burgess and Waltonburg, * Bull. Bur. Sfcds,/ vol. 11, pp, 41, 691 (1916), 
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the glass vessel. Connection with the current supply is made at and Cg; 
a current of 10 amps, suffices for l$Oif K. in vacuo. The wedge can be heated 



Viti. 2 . 

in a high \'u< uuin or, in the case of rru^tals which volatilise at their melting 
points, in hydrogen or argon. Observations are made through ihc window 3?, 
the coiTcction for which is known. By means of a pointer behind the wedge 
and a small aperture in front (E), the portion of the wedge on which the pyro- 
meter is sighted can be astjertained, and l)y turning the cap 1) the back of the 
wedge can be accurately aligned. Tlie small piece of pure metal {| mm, X 
1/10 mm.) cut from wire is placed on the upper surface of that part of the wedge 
on which the pyrojneter is sighted and within 1 mm. of the back edge. The 
melting of the metal is observed through a microscope. The temperature of 
the wedge is gradually raised till the sample just melts, the current being then 
held constant while observations are made with the pyrometer. The adjust¬ 
able mercury-carbon resistance* was found very convenient for this purpose. 

The method is not free from difficulties. First, there is the blackness 
condition. Although a burnished wedge of platinum of lO'^ should provide a 
satisfactory blackbody, the surface tends (owing to crystallisation) to become 
less regularly reflecting and the shape of the wedge, particularly the sharpness 
of the back edge, may become impaired on extended use. Secondly, there is 

♦ Egerton and Milford, * J. Soi. Inst./ voL 7, p. 2^ (1930). 

I 2 
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the question whether the sample is at the temperature of the blackbody observed. 
Conduction provides that the out(ir surface temperature is vety neurly the same 
as the inner, but wliether the sample placed on the surface is at the same 
temperature* as th(? surface is anotlier matter, because the presence of the 
sample alters to some exteufc the electrical conductivity in its neighbourhood 
and also the reflection coefficient, and consequently the emission from that 
region will be different. Another possible difficulty is that if the lower surface 
of the sample alloys with the platinum below its melting point, (^oUapse of the 
sample below the true melting point might occur. In point of fact, none of 
thes<*, errors is serious; by altering the size of tlur sample, by placing it on 
patches where the metal has been previously melted, by changing the tliiokness 
of the wedge and by other tests, it is shown that the errors are more important 
which arise from variation of blackbody condition, of position and good contact 
of the sample on the wedge and also from observation of the temperature. 
There is a considerable temperature gradient across the wc'dge (40'' at 1300° K.) 
and it is necessary to place the sample in the position of maximum tempt^rature. 
Good contact with the strip is essential; occasionally an adsorbed gas film 
appears to be locked between the sample and the wedgf\, the former looking 
black against the bright background; then suddenly coiitact is gained and the 
sample becomes bright. Melts tjike place quite suddenly, but it is important 
to raise the temperature very slowly near the melting point. It is interesting 
to note the bright green appe>aran(5e of the fresldy molttui gold, tlie black pool 
of molten silver and the l>right nickel melt. All the errors, (*xoept lack of 
blackness, tend to give a high result for the melting temperature. 

The following illustrate the agreement obtained for the gold melting point 
with a certain wedge : - 0-663, 0*662, 0*660 volts {0*(X)1 volt equivalent to 
1° C.). The nickel point gave results agreeing within 5", but the results 
for palladium, owing chiefly to vaporisation, which makes it necessary to 
raise the temperature rather quickly, were not so satisfactory. The method 
has been applied to determine the melting point of other metals {e.g,, iron, 
which has to be carried out in pure hydrogen). 

Mendenhall and Forsythe* have employed the wedg(? method for the deter¬ 
mination of reflection coeflicients of the metal of which the wedge is con¬ 
structed ; the apparatus liere described is particularly convenient for the 
purpose, the wedge being turned so iis to view the cavity and the outer surface 
alternately. 

Owing to the variability of the wedge as a blackbody source, another type 
* ‘ Astrophys. J.,* vol. 37, p. 380 (1913). 
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of blackbody was arranged, consisting of a tube of platinum (1*4 nun. external 
diameter x 10 cm. long x 0-15 mm. thick), with a small hole (0-3 mm.) in 
the wall at the middle. The tube is mounted in the same arrangement, except 
that bIo<ikH (B/ and in fig. 2) suitable for clamping the tube were sub¬ 
stituted for the V'-shaped blocks. Worthing has used a hollow filament of 
tungsten punctured with small holes in order to measure the variation of 
reflection coefficient witli X or T, and has discussed the various possible sources 
of error.* 

By flattening sliglitly the upper side of the tube above the hole (see magnifies 1 
view) small samples could be melted as bc'fore, and the results obtained were 
better than for the wedge, e.r/., for the nickel point (u) 1453 ' C. ; (6) 1452® C. ; 
(6) 1453' C. for two different samples (a) and (6) of pure nickel. 

Not being satisfied, for the reasons already given, that the sample placed 
outside is actually at the true temperature of the blackbody, the tube was 
arranged differently (see fig. 2), The same platinum t ube was placed vertically, 
and a small piece of silica was tapered so as to fit centrally into the upper end 
of the tube, with its lower end shaped as a hook. To this is attached a piece 
of wire (diameter J/Kl mm.) of the metal whose melting point is required ; 
to the other end of the wire is affixed by a hook a small silica bob (1/50 gram), 
which just kee 2 )s tin* wire central, but is too light to stretch it. The wire is of 
such a length that it is in that portion of the blackbody in which the t;emporature 
is constant and it receives heat by radiation within the blackbody. The 
wire is almost invisible when the hole is observed through the pyrometer. 
The temperature of the tube i.s raised very slowly imtil the temperature is 
reached when tJie wire collapses and the bob drops down. The method is 
simple and the wire cannot be contaminated. It might also be used to 
investigate expansion and other properties at high temperatures. 

For palladium, the results of two trials by this method gave 1.435 and 1.435 
volts ± 0*01, corresponding with 1555® <\ on the curve obtained from observa¬ 
tions at the gold point and at the nickel point and hj checking the curve so 
obtained by the rotating sector method. 

Although once the blackbody l)rightness is known at a fixed point T, 
it is possible to construct the calibration curve of the pyrometer by observations 
on a Tungsten strip lamp, using sectors of known angle to dimmish the intensity 
by a known amount, yet it is convenient to be able to check such a calibration 
by observations at other fixed points on a blackbody. The methods outlined 
above enable this to be done, and a magnifying pyrometer, together with such 
♦ Worthing, ‘ Phys. Rev./ vol. 10, p. 377 (1917). 
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simple apparatus, might perhaps provide an alternative to the more costly 
equipment to establish the scale of the ordinary optical pyrometer. 

As in the case of the resistance thermometer, where the uaphtlialeue point 
forms a convenient secondary standard point between the sulphur and water 
boiling points, so for the optical pyrometer it is convenient to have secondary 
fixed points, like the nickel melting point, and it is suggested that a point 
between this and the gold point would be useful as provided by the melting 
of the alloy of nickel and palladium (55 per cent.) about 1265" C. 

Once the primary calibration curve is fixed for the range from the gold point 
to the palladium point, it is an easy matter to determine the constants for the 
absorption screens. For this purpose, the Tungsten strip lamp is used as a 
source which can be maintained constant at fairly high temperatures, and 
since the colour filter is monochromatic, the absorption coefficients do not 
vary with the temperature of the source observed, and it cart safely be assumed 
that the screens are additive. The curves can then be drawn for eac h grouping 
of glasses up to 5000" K. or higher, enabling the (brightness) temperatiu-e to 
be read directly. 

It is an advantage to provide two monochromatic glasses for the pyrometer, 
as observations can then be made in two wave-lengths at a definite tempera¬ 
tures ; since 



where and are the blackbody temperatures (as measured by the current 
through the pyrometer filament corresponding to Xj and Xg), the colour 
temperature, cati be determined, as Henning has pointed out, provided the 
brightness of the source can be expressed by 1/S = a + where a -r 1/^ 
and h — l/Cg InB where B is the fraction of the blackbody intensity for the 
temperature in question.*" The pyrometer used in the present work on arc 
temperatures is provided with a red as well as a green screen, the ** effective 
wave-length ” of the red glass being determined. For the short focus lens 
combination sighted on a blackbody, no difference in match could be 
observed in changing over from red to green. The difference, however, with 
the front lens removed becomes appreciable. 

If log I) for the front lens component is the same for both wave-lengths 
(where D is the transmission factor), then 


IogD = «i^ 


1_ 

A' 


.S,/ 


04343 Ca 


(J- _ _L) 


’*■ Henning, ‘ Z. Electrochem.,’ vol. 30, p, 309 (1924). 
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and if ^, 8 ^ is the same as ^Sj, it follows since is different from that ^,83 
cannot be the same as ^ 82 , and when sighted at long focus on a blackbody there 
will no longer be an intensity match, unless D ^ L 

The differences observed will be different if the soiirct; (io(^s not radiate as a 
blackbody, and it becomes possible to obtain information about the selectivity 
of the source from such observations. If the source is a grey body, in the 
visible region of the spectriini, accurate observations of the brightness tem¬ 
perature in two wave-lengths will lead to a determination of the colour 
temperature of the source, wdiich usually sets a high limit io the true 
temperature, as the brightness temperature sets a low limit. It is for these 
reasons useful to provide the pyrometer with at least two monochromatic 
filters. 

The authors take the opportunity to thank Imperial Chemical Industries, 
Ltd., for grante in coTuu^ction with research at high temperatures, and also 
Dr. Forsythe, of the General Electric Company, Cleveland, Ohio, for kindly 
providing two Tungsten strip lamps, 

Sumtmry, 

1 . The advantages of a magnifying pyrometer are pointed out. 

2. A monochromatic filter, using a “ didymium glass,'’ is described whicJi 
transmits a band of light between 5740 and 5600 A. 

3 . The calibration of a pyrometer by simple metliods is discussed, using a 
wedge as a blackbody source* or a platinum tube provided with a small hole. 
The temperatures are determined by melting small piect'S of metal on the 
outside of the tube or wedg<\ or preferably by hanging a wire down the middle 
of th(?, tube. 

4. The advantage of the use of two monochroiTjati<; filters is pointed out, 
so that the colour temperature can be determined. 
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An Integrating Fholomeler for X-Ray Crystal Analysis. 

By B. W'HUKi-EU RfnuNSON, M.A., The Boyal Institution. 

(OommunicatA'd by Sir William Bragg. F.B.8. Received October 11, 1930.) 

[Plate 2.] 

Tlio measurement oi‘ tlie relative intcnBiti(‘s of reflection of X-rays from 
lattice planes of a crystal is of vital iiTi|)ortance in niodeni structure analysis, 
but it presents a problem often difiicult of solution. The use of the ionisation 
spectrometer is laborious and sometimes impossible, at any rate for the small 
<'ry8tals which may be tlu' only ones available ; while photographic methods 
cannot usually be a 2 )plied to records in which the distribution of energy over 
area varies considerably from spot to another. 

A new principle of photographic photometry was suggested by Astbury* 
to overcome the difficulty and io make it possible to obtain, as a single observa¬ 
tion, a measure of the integrated encugy corresponding to a narrow beam of 
radiation, not necessarily of uniform distribution, falling on to a photographic 
plate. Briefly tlu^ method involves the reproduction of tlio photograph by 
the bichromat/^id gelatin process as a thin membrane whose thickness diminishes 
with increasing opacity of the original ; this membrane is then used as an 
obstacle to a beam of a-particles from a uniform polonium source, and the 
ionisation produced by tbe a-particles penetrating the tissue is found to measure 
the energy which formed the spot on thij original record. 

Astbury in the papers referred to has described a simple a-ray photometer 
constructed on thme lines, and has shown how^ it may be used for intensity 
mwisurements. The present paper aims at giving an account of an improved 
instrument as it is now in actual use at the Davy Faraday Laboratory of the 
Royal Institution, London. It will be divided into the following sections 

{a) Discussion of the new instrument. 

(6) Technique of intensity measurement by this method. 

(o) Review of results obtainable. 

(rf) Conclusion. 

SeHimt (a ).—Dincussian of the New Insirumetit, 

The essential parts are shown in fig. 1, which is diagrammatic only. The 
gelatin tissue print is held taut between two mica sheets Mj, Mg, in which are 
♦ * Proc. Roy. 8oc,/ A, vol, 115, p. 640 (1927), and vol. 123, p, 575 (1929), 
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upertureB O^, O 3 ; Oj being slightly smaller than Oj and serving to define the 
maximum aperture of the instrument. A surface S, uniformly coated with 



1 . 

])olouium, is parallel to Mj and as close to it as j) 0 S 8 iblc ; ideally it should be 
in actual contact with the tissue being measured. It is carried on point bearings 
and can be drawn aside and tlien replaced in the same position; when it is 
aside, the tissue can be inspected through the mica with the aid of oblique 
illumination from an electric lamp. 

Above Mg and very close to it is a brass slider B moving between stops and 
carrying holders for otlier diaphragms if necessary, which can thus be easily 
interchanged in front of the tissue. Mg and the slider are carried on a brass 
frame which is hinged along one side and suitably mounted on springs, so that 
pressure on a knob K releases the tissue normally held between Mj and Mg 
and enables it to be adjusted in position with respet^t to the aperture system. 

The ionisation produced by the a-particles penetrating the tissue is measured 
in the cylindrical chamber C, faced with thin aluminium leaf, and running on 
geometric rails so that its distance from tissue and source can be varied, 
recorded and reproduced. An electrode carrieii on an insulating plug and 
surrounded by an earthed guard ring G is connected to a Dolezalek electrometer ; 
the body of the chamber is maintained at a negative potential of some 300 
volts. A variable condenser in parallel with the insulated electrode enables 
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the sensitivity to be easily adjusted. All insulation is of ambet, and the wh<de> 
S 3 r 8 tem is enclosed in an earthed case. With the electrometer (vdiidi was 
specinJIy fitted with a very light needle, giving good damping and short period) 
at a sensitivity of about 300 divisions per volt, no trouble has ever been experi¬ 
enced with electrical leaks or unsteadiness. 

For measuring the ionisation current various systems of “ constant deflec¬ 
tion ” have been tried, but so far none has been found to equal, for speed and 
convenience, a simple determination of the rate of charging up of the electro¬ 
meter system. The vertical filament of an automobile headlamp bulb is 
sharply focussed by way of the electrometer mirror on to a horizontal slit, 
behind which is a sheet of bromide paper moving in vertical guides. A shutter, 
electrioally controlled from a swinging pendulum, makes exposure only on the 
intervals 0 1 2, 101112, 20 21 22, etc., either through an automatic counter 
switoh or separately under the control of the expeiimeter. Many records 
may be made in succession on the sensitive paper; after development the 
distances 0-20, 1-21, etc., are quickly measured and averaged out, giving a 
result for the speed of travel of the spot which exceeds in accuracy the more 
usudl and less convenient stop-watch determination. 

In order to secure uniformity of the source over the aperture, Astbuiy' was 
compelled to rotate it continuously during the measurement of ionisation. 
By the following technique it has been found possible to produce a source 
iiaving the requisite (1 pet cent.) uniformity over a surface some 3 mm. square. 
An extract of old radon tubes was made in dilute (N/10) nitric acid, A 
pedished silver disc was cleaned as carefully as possible, and then lightly 
sputtered with platinum by a vacuum discharge. Badium F was then 
immediately deposited on the sputtered surface by electrolysis from the acid 
solution with a current not exceeding 5 micro$tmps. per square centimetre 
for a period of some hours, the electrode being continuously rotated during 
this time.* After washing with distilled water and drying the uniformity of 
the surface was checked by exploration with a gold leaf electroscope and a pin¬ 
hole, diaphragm adjusted to be parallel and very close to the ra^oactive surface 
and traversed by a graduated meohaniod miorometer stage. Using a screen 
of thin alomiaium foil a test was also made for ^-mdiation, due to ptesenoe 
of radium £, which would undeskably affect the working of the )^otometer. 
A satisfactory source made in this manner may be mounted in porition 
and not again, disturbed during its us^ol life, which of course will depiend on 
im initial intensity (half period of polonium, 140 days). 

* Curie,' J. C%em, Phys.,'voL 82, p. 47| ( IMS). 





Kio. 3.—1\)., Polonium wurfaro. OjO^, ApertureH. K., Heicawo knob. ( ^S., (^atuping Hcrew for 
chainbor. H., Handlo for moving nlidor. 
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Figs. 2 and 3 ^Plate 2) show the instrument in gi^ater detail. Improvement 
may be clmmed over the original model in the following ways; (a) the power of 
^juBtment of the tissue in »itu^ without the removal of the whole of the aperture- 
carrying frame from the apparatus ; (ft) the greater convenience of the method 
of current measuring adopted; (c) the power of exchanging one aperture for 
another and of moving the ionisation chamber easily with reference to the 
source, both of which adjustments are essential, as we shall see, to the practical 
use of the instrument. 

The integrating properties of tJie photometer have been discussed by Astbury 
(ioc. Briefly the matter may be put as follows :— 

The cur\H? usually connecting the X-ray energy incident on a photographic 
plate and the optical density produced is of a logarithmic type,* and in conse¬ 
quences no simple treatment of the density produced by a given bundle of 
radiation can be made to give a direct measure of its total amount. The 
advantage of using the seemingly indirect gelatin process is that this curve 
is compensated for by the (ot-ray ionisation)—(tissue thickness) relation, and 
that in consequence it is possible to obtain a lirmr relation between original 
X-ray energy at a point and final ionisation current arising from that point. 
It may here be emphasised that this linearity is by good fortune rather than 
by design. Once this linear relation is obtained, the integratmg property 
follows directly, as we can see by regarding the spot on the tissue as an assem¬ 
blage of small areas side by side, each uniform in thickness and each making a 
contribution to the total ionisation current strictly proportional to the X-ray 
energy which fell on that area in the original photograph. Consequently the 
first step in any measurement is to ensure that this linear relation bolds for 
the particular photograph and tissue concerned. This is done by imprinting 
on each photograph before development a set of “ calibration spots of known 
energy ratios; the method of doing this with a rotating sector has been 
described by Astbury. These spots, representing uniform patches of radiation 
otf known relative energies, are measured on the photometer, which is adjusted 
until a linear energy-ionisation relation is secured. 

• There are several practical considerations which may serve to limit the 
accuracy of the instrument when used in this way as an integrating photometer. 
In the first place, we have considered above that the tissue is in effect infinitely 
thin, and that it is backed by an infinite uniform radioactive source. Actually 
the tissue has a maximum thickness of about 1 /150 mm.; more serious than 
this, it is held between mica diaphragms of much greater thickness, and the 
♦ Boumrs, ‘ Z. Physik,* vol. 14, p. 374 (1023). 
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source cannot be in contact even with these. Altogether in the present instru¬ 
ment a distance of about i mm. occurs between the face of the source and the 
(listant surface of the smallest diaphragm mounted on the slider, as compared 
with an aperture of 3 mm. and a chamber distance of perhaps 15 mm. No errors 
have yet been traced to this cause, and we should not expect them, for as long 
as the uniform surface of the source completely fills the aperture of the instru¬ 
ment (as defined by the diaphragm on tlie ionisation chamber and the smallest 
of the diaphragms near the tissue) the theoretical conditions satisfied to a 
sufficient degree of approximation. As Astbury has pointed out, errors will 
not arise from the varying thickness of tissue until the tangent to the tissue 
surface at any point lies within the widest possible con(‘ of a-rays passing through 
tliat point. 

It is also interesting to enquire to what degree departures from the exact 
linearity relation may be permitted in the adjustment of the apparatus. To 
check this, a likely “ density profile ” of a series of spots was assumed, and the 
total energy worked out by arithmetical integration (a) assuming the instrument 
to be correctly adjusted to a linear energy-current relation, and [b) with two 
arbitrary relations obtained during the course of adjustment (fig. 4). Of 
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these, B represents the effect of having the ionisation chamber too far from 
the source, while A is due to insufficient contrast in the original negative, or, 
of course, to excessive exposure of the calibration spots. For purposes of 
calculation it was assumed that the spots had central symmetry. The follow¬ 
ing table shows the results obtained. 
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Table 1. 




True em»rgy valuer of the 8pt)ts 

1 

100 

1 

60 

1 30 

10 

Calculated value, curve A .. 

* j 

. 1 100 

i 

60 

1 300 

10 0 

(calculated value, curve B 

m 

1 

1 2S1 

7-6 


It will be seen that serious errors must be expected unless (iareful adjustment 
of the apparatus is made. For this purpose it would be an advantage to record 
on the photograph a more numerous series of spots than has up to the present 
I>een done (six spots, energy ratios 1 : 2 : 4 : 6 : 8 : 10). In favourable con¬ 
ditions energy-current relations are obtaiiied so nearly linear (r/. curve C, 
fig. 5) that no measurable differences from the th('oretica1 values would be 
expected from this cause. 



A rough calculation gives 500 as the number of a-particles which reach the 
ionisation chamber per second when a strong spot is being measured. This 
number could, of course, be increased by obtaining a stronger radioactive 
source ; but it means that at present, in order to secure a 1 per cent, accuracy 
in the measurement of the ionisation current, 20 seconds at least—or 10,000 
particles—must be occupied in this measurement. It is largely for this reason 
that a constant deflection method of measurement, which might have had 
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advantages with p-ray ionisation for example, was not adopted in the present 
arrangement. 


SecAion (6). The Tt chiiquc of Tissue Memiirement. 

'Fo secure the most accurate results of which tin* photometer is capable, 
the following precautions must be observed :— 

(a) The full extent of the linear portion of tiie intensitydoniaation graph 
must be employed. That is to say, the exposure of the photograph must be 
so regulated that the densest portion equals but does not exceed in density 
the densest calibratioii spot whose value lies on the linear portion of the graph. 
Also tlie instrument must be so adjusted for eacli tissue as to make this portion 
as long as possible, and to secure the maximum value of the ratio HiQ where i 
is the ionisation current corresponding to the extreme linear point on the 
curve, and is the curremt corresponding to the background portions of the 
1 issue. This ratio represents the degree of contrast permissible* lx>tween spot 
and background, and may vaiy as much as from 2 to 5 with instrumental 
adjustment in extreme cases. Thus fig. 3 shows how this ratio was found to 
vary with chamber position in one experiment. 

(b) The aperture employed must closely cinuimscjribc tlie spot; this is 
essential for accuracy, as otherwise the effective value of the contrast of spot 
U) background may be seriously diminished. Before measurement tlio tissue 
must be car^dully examined and an aperture chosen which coifforms to the 
general shape of the spots and is able to contain the largest. 

Apart from the actual preparation of the tissues, which is fully desc^ribed by 
,4stbury {loc. cit,), and which involves no labours greater than those required 
for any careful photographic work, the chief difficulties of measurement with 
the integrating photometer are in— 

(а) Identifying the spot on the tissue and correctly bringing it befor(* the 

aperture of tlie instrument. 

(б) Correctly estimating the background value which is to be deducted 

from the values of ionisation observed for each spot. 

0 

in regard to (a), all but the strongest spots are invisible when once the tissue 
is inserted in the instrument, so that some form of marking them is essential. 
Laying the tissue on a well-illuminated opal screen, the spots mostly become 
visible, and their positions can be handily marked by the use of a special device 
—a glass plate illuminated from beneath, on which are marked two cross lines 
and above which a swinging arm, moimted on bearings, carries an inked rubber 
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stamp whic)» will imprint on the tissue a narrow ring of which the cross lines 
are diameters. Eacli spot in turn is brought to the cross lines and thus en¬ 
circled ; the rings are slightly larger tlian the maximum aperture of the 
instrument, are easily visible when the tissue is in position, and give a ready 
means of centring each spot on the aperture system. The most feeble spots are 
not visible, liowever good the illumination of the tissue ; their positions may 
be marked with the same device by laying the original negative under the 
tissue, when their location becomes apparent, using the stronger spots as 
reference ])ointH. 

[b) TJie background estimation sets the limit in practice to tin*, actuiracy of 
the instrument. The following figures show the ext<'nt to which background 
variation occurs, apajt from any X-radiation incident on the photograph. 
They w^ere obtained by developing an uucxposed film in the usual way, and 
exposing a tissue underneath it; they represent the values of ionisation current 
(in arl)vtrary units) obtained at 12 points regularly spaced over the extent of 
the tissue, winch measured roughly ^1 by 1 inches. 

Table 11.—Variation of Background, 

_ . 

a m> a *54 ! a on i a *50 

a as I a -00 a 07 i a-so 

ja 32 I to-SA 11*29 j aci 

... ' 

value of deviation from moan is nl»out 2 por optiI. 

When we considej- that tlu? value of the current on the same scale corre¬ 
sponding to an intense X-ray spot, of moderate size, would be 20 units, we see 
that there is here a serious limitation to the accuracy of any such photographic 
method. In actual practice, of course, superposed on the.se background fluctua¬ 
tions are the additional variations of general X-ray scattering, also the medley 
of continuous spectra corresponding to each crystal reflection, since a highly 
monochromatic source is not in general employed in crystal photographs. On 
the other hand, we must remember that these fluctuations are not systematic, 
and that in conaeqxience their efiects can be eliminated by taking a sufficiently 
large number of separate observations. This is in fact what has been done in 
some of the figures quoted in the next section. 

Three methods of dealing with the background have been used hitherto 

in the measurement of photographs:.(1) Where the spots are large or the 

background variations are small, an observation of the background is made 
in between each spot and the next, and the average of the background values 
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bracketting eatih spot is taken as the true value for the spot. (2) When special 
accuracy is desinHl, as for example in the comparison of two heebie spots, a 
whole ring of background values may be noted circumscribing each spot, and 
the average of all taken. (3) As the most satisfactory method for ordinary 
crystal photographs where the spots are small, two complementary diaphragms 
are used ; one has a central aperture shaped to the general oxitline of the sj)Ots, 
but in the other the centre is blocked out by a suitable obstacle opaque to a-rays 
(such as a thin piece of metal foil) cut to this outline and carried in the centre 
of the opening by fine glass fibres to which it is c<»mented. The tissue having 
been adjusted in position, a reading is taken with each of these diaphragms; 
the second one will give an estimate of the background intensity all round the 
area measured by the first, and its value, multiplied by a constant factor 
depending on the ratio of the two areas concerned (which may quickly 1 h* 
determined from a measurement on a blank j)ortion of the tissue) is to be sub¬ 
tracted from the first to give the correct intensity vahie of the spot. 

The best way of manoeuvring the tissue seems to be to cut it into portions 
not more than 11 inches wide and to affix to each portion a * liandle ’’ of thin 
stiff paper, at two or three points only to avoid crumpling, with n very small 
amount of seccotine. The handle projects above the frame of the photometer 
(such a mounted tissue can be seen in Plate 2) and enables it to be readily 
moved about. 

The various steps in th(j measurement of a tissue in the photometer are then 
as follows :—(1) The spots arc ringed, and numbered for reference with a soft 
lead pencil, which fortunately will write easily on the matt side of the tissue ; 
the tissue is divided into convenient portions and handles are attaclied. It 
is always worth while at this stage to make an exact tracing of the positions 
and general appearance of the spots on the photograph, on which the identifica¬ 
tion numbers may also be recorded. (2) The portion of tissue containing the 
calibration spots is inserted in the instrument and the position of the ionisation 
chamber is found at which a-ray current from a background portion of tissue is 
just detectable ; the chamber is moved 3^ mm. nearer (this position is found on 
the average to give the best results) and is clamped there. Then the calibration 
spots are measured, the sensitivity being adjusted to give a convenient maximum 
value, and the readings are plotted against the known energy values. If 
additional adjustments of diaphragm or chamber distance are necessary to 
improve the linear relation, they are made ; but in the majority of cases no 
alteration is necessary if standard conditions of development and printing have 
been maintained. (3) The photographic recording mechanism is started and 
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the measuTemente of the spots carried through, being usually repeat-ed twice 
in succession. (4) The paper record is developed, fixed and dried, its readings 
measured and tabulated, and the final energies deduced. (5) Any discordant 
values are repeated if nectissary. 

As a rough estimate of the labour involved in these processes, the following 
figures may be taken as typical, assuming that there are no delays or mishaps 
Twelve quarter-plate tissues will take an hour to sensitise and 3 hours to print 
(these times could be much diminished by larger-scale apparatus and organisa¬ 
tion). To measure «‘a(di tiB.sue, supposed to be showing, perhaps, 35 measurable 
spots, will require A hour to mark and number, | hour to adjust the photometer, 
1| hours to measure, \ hour to work out figures ; repetition and corret’tions, 
3 hours, or 6 hours in all (excluding the time taken in tissue preparation, a task 
which could well be delegated to a careful assistant) for the 35 measured 
intensities. 

Sex^iion (c ).—Rnriew of ItesiMs Obtuimhle. 

The significance of the readings obtained from an instrument of this kind 
may be (pieried in three stages ; (1) Are measurements on the same tissue 
repeatable ? (2) Does a redet-ermination of the same phenomenon give the 

same result ? (3) Do the results agree with the same intejisities as measured 

by the ionisation spcHjtrometer ? 

As to (1) it may be said that o)i the average a repetition of figures to rather 
better than 1 per cent, of the stroiigest spots can be obtained, depeudiiig 
largely on the (jare which has been expended on making perfect tissiu' prints 
and in adjusting the size of spots to fill the maximum aperture of the instru¬ 
ment. The following table shows the accura(?y attainable in successive 
measurements of the same value ; four areas of tissue were each measured four 
times (the figures give the ionisation current in arbitrary iinits). 


Mean valuer 


Table Hi. -Repetition of Results. 


Area A. 

I Art‘a B. 

Area C. 

Area 1). 

11-07 

1 ! 

12-63 

1 

12-62 ; 

1 

I 13 71 

11 <91 

' 12-60 

12*57 1 

12-7] 

12 07 

1 13-60 

12-49 

12*71 

12 07 

13-67 

12*67 

12*82 

12 01 

12 59 

12-68 

12*74 


Average departurt* from mean, 0 06, or 4 per cent. 
Maximum departure from mean, 0*12, or 1 per cent. 


VOL. OXXX.—A. 
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The measurement of spot intensities, regarded as the difference between 
two readings (the total ionisation and the background value) will not of course 
be as good as this in general. The following is a typical example of two sets 
of measurements (A) and (B) of the same tissue. 


Table IV.—Remeasurement of same Tissue. 



Average difference between series (A) and (B) is 1*2 per cent, of the largest sjwt; maximum 
differenoe is 2*9 per cent. 


One day elapsed between these two sets of readings, ami different diaphragms 
were used in the background estimation for the two sets. 

As an example of the consistency attainable between succe.ssive measure¬ 
ments of the same phenomenon, the following figures may be quoted, from 
data obtained in a special comparison of the intensities of reflection of copper 
Ka-radiation from the (110) and (320) also the (200) and (410) planes of an 
anthracene crystal. Oscillation photographs were taken giving these pairs 
of reflections on the same film, three exposures of the first and two of the second 
pair being made. The significant portions of the films with their appropriate 
calibration spots were cut out and mounted into one composite negative, 





















Integrating Photometer for X-Ray Orystal Analynu, 181 

from which three separate tissue prints were made. The following results 
were obtained. 


Table V.—Comparison of Intensities (Anthracene 320/110 and 410/200). 



j Tissue 1, 

1 Tissue 2. 

Tissue 3. 

Plate 1 . 

.{ 6-7 

6*6 

7*8 

Plate 2 . 

. 6*3 1 

6*4 

8*7 

Plate 3 . 

....j 6'5 ! 

! 

1 7*3 

9*2 

Plate 4 . 

.i 40 

! ! 

5*1 ! 

6*9 

Plate 5 

.I 4*7 ! 

i 

6-2 

6*9 



♦Intensity of (320) [relative to 
(HO) taken as 100]. 


•Intensity of (410) [relative to 
(200) taken as 100]. 


♦ N.B.—These values refer to the apparent intensity as rocordwi on the plate ; they are still 
subject to a correction for oblique incidence (c/. Cox and Shaw, ‘ Proc. Roy. Soc.,’ A, vol. 127, 
p. 71 (1930) ), 


It was found impossible (probably owing to over-exposure of the tissue) to 
obtain a satisfactory linear relation with the tissue 3 ; this is reflected in the 
consistently higher values which it shows. Nos. (1) and (2) were satisfactory 
in this respect, and it will be seen that the agreement between what are in 
effect six independent values of the intensity ratio 320/110 is very good. 

Finally we may enquire how far the results obtained by the photographic 
method agree with those carried out by the more usual ionisation methods. 
A set of measures has been made on the equatorial planes of the c zone of 
anthracene. In order to give a photograph in which the spots were distributed 
with reasonable uniformity over the area of the film, and in which there should 
be a minimum of fogging, a simple “ rotating film camera was built for this 
purpose, A film in its paper envelope is bent round the circumference of a 
wooden cylinder (which it exactly occupies), which rotates on a horizontal axis 
in step with the anthracene crystal on its vertical axis, the two being con¬ 
nected by chain and sprocket gearing. A horizontal slit allows only the 
equatorial reflections to reach the film. Such a camera is easy to construct, 
and gives clean photographs free from fogging, eminently suitable for intensity 
measurements ; it also shows up defective crystals, and makes very easy the 
identification of the indices of the spots, since one co-ordinate of the film repre¬ 
sents the angular position of the crystal at the moment of reflection. 

Four such photographs, using three different crystals, of the equatorial 
planes of the c zone of anthracene were made ; the table shows the average 
of these results, corrected for oblique incidence from the figures of Cox and 
Shaw {he, cit,), and compared with the corresponding intensities measured by 

K 2 
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the ionisation method, for which I am greatly indebted to Sir William 
Bragg. 

Table VI.—Comparison of Photographic and Ionisation Methods. 

Intensities of reflec^tion in c zone from anthracene (copper Ka) (hkO and hkO 
averaged together). 


Index of plane. 

Intonsity. 

(ph<»tographic, "B.W.R,). 

Intend! 

(ionwation, W 

(m 

11*2 

11-8 

200 

100-7 

100 

110 

09-5 

too 

120 

3 7 

— 

130 

2*4 

4*4 

210 

52-1 

620 

220 

1 1-5 ! 

5-0 

310 

1-1 1 

1-7 

320 

7-2 ] 

7-4 ' 

410 

5-6 ' 

5-6 


■B,). 


This agreenient seems better than we should expect from a process involving 
so many separate stages, each with its own possibilities of error. We must 
remember, however, that the figures in the column above represent the average 
of many measurements, with different crystals, films, tissues and calibrations, 
so that non-systematic errors will have been largely eliminated. The figurels 
certainly encourage the belief that the photographic method, as far as accuracy 
is concerned, is as reliable as the other. 

Srrtion (d).— Condmmi. 

The weaknesses of the a^ray photometer are clear enough ; in particular the 
additional pliotographic process introduces irritating complication, care must 
be taken that the photographs (as regards size of spot, exposure, and back¬ 
ground clearness) are really suitable for such photometry, and it is not possible 
tx> repeat isolated readings without a disproportionate amount of labour. 
But the results quoted here would at least seem to show that the photometer 
has an undoubted position in the technique of X-ray intensity measurement 
as it stands to day. For work on the structure of spectral lines and the like, 
a line microphotometer of the Moll or Cambridge t 3 rpe would be preferred, 
and for the measurement of individual intensities the ionisation spectrometer, 
if sufficiently sensitive, has the advantage. But for the complete survey of 
the intensities of reflection from a crystal, particularly when the crystal is 
small or easily volatile and a photographic method must be used, the a-ray 
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photometer is the best, pt^rhaps the only, instrument to employ. It is elegant 
in conception, ami no doubt some of the present difficulties of execution will 
be removed by further experience, A survey of the intensities of reflection 
of an anthracene crystal, rotated about an axis perpendicular to the ((K)l) 
planes, in which over 200 separate reflections hove been measured, has just 
been coni|)leted by this method in this labo^ato^ 3 ^ 

My thanks are due to Sir William Bragg and the Managers of the lioyal 
Institution for the opportunity of carrying out this work, to various fellow- 
members of this laboratory for helpful suggestions and discussions, and to 
Mr. H. Jtnikinson for the great skill wHth which he has carried out the con¬ 
struction of the apparatus. 


Investigations in the Infra-Red Region of the Spech'^mi. 

Part 1 .—[ntrodiictory and KxpeHmental. 

By 0. R. BArnEv, A. B. I). Cassie, and W. R. AN(3trs, University College, 

London. 

(Communicated by F. 0, Donnan, F.R.S.—Received August 11, 1930.) 

[Plate .3.] 

Robertson and Fox in tlieir fundamental memoir* have published a com¬ 
prehensive account of the precautions necessary for obtaining reliable results 
with a prism spectrometer in the infra-red between 1 and 17 fx. The authors 
feel, however, that vsome advantage to other workers may accrue if they in 
turn outline their own particular difficulties with the manner of their resolution. 
It may be stated at once that it is now possible to make scale readings to an 
accuracy of 1 mm. iumig day, with a galvanometer sensitivity of 10"^® 
to 10“^' amp. per millimetre deflection at 1 metre distance. If it is realised 
that the work is carried out on the top floor of the Chemistry Department of 
this Institution, in a building which houses some dozen electrical generators 
and a large liquid air plant, with a stream of heavy bus trafl&c 10 yards from 
the building and a tube railway at 100 yards, it will be seen that the usual 
experimental difficulties have been completely overcome. 

♦ ' Proc. Roy. Soc.,’ A, voL 120, p. 128 (1928). 
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Preliminary experiments were made in a constant temperature room in tlie 
basement; the humidity was high and had a deleterious effect on the rocksalt 
portions of the apparatus, whilst the discomfort of night work in such a room 
was extreme. It was consequently decided to re-approach the problem from 
the beginning, but not before trials had shown that where the motion of the 
building as a whole is small, comparatively simple expedients serve to eliminate 
most of the mechanic.Hl disturbance. This was cut out by placing the galvano¬ 
meter with its Paschcn shields (total weight about 250 lb.) on a large block of 
wood supported by four pairs of inverted small porcelain crucibles placed at 
the corners. Eight of the thinnest available crucibles were selected ; tht* two 
in a pair were placed one on top of the other and separated by a small piece 
of 5-ply wood and a few pieces of filter paper. If the galvanometer and shields 
are not too heavy, the replacement of the rubber shock absorber in the ordinary 
anti-vibration spider by a crucible and one or two layers of filter paper was 
found very efficient. 

General Lay-out, 

The room is supplied with electric power at a constant voltage of 250 from 
a battery of accumulators. The advantage of the assemblage chosen (dis¬ 
cussed in detail below) is that all controls can be easily manipulated by one 
person without moving from his seat. The spectrometer was a Hilger D.42 
constant deviation instrument, fitted with quartz, fluorite, rocksalt, and sylviue 
prisms. The light from a Nernst filament, N (see figure), contained in an 
asbestos housing, passes through thi? absorption tube, A, and is brought to a 
focus at the spectrometer slit, S, by means of a mirror, Mg. The thermopile 
is coupled to a sensitive Downing galvanometer carried on a modified Julius 
suspension. A mercury vapour lamp encased in an asbestos box is used in 
setting the Wadsworth mirror. The wave-length drum of the spectrometer is 
propelled by contact with a rubber-covered, low-geared wheel capable of 
rotation from a distance. 

Source of Eadiaiion ,—Nernst filaments were procured from the Glasco Dampen 
Gesellschaft, Lausitzer Platz 4, Berlin, S.0.36 ; their life is con¬ 

siderably greater than the home product. An asbestos housing encloses the 
filament and is fitted with an aluminium shutter running in brass guides ; 
this housing is so constructed that a constant air current flows past the filament 
which is operated at about 0-8 amp. and 90 volts from the constant voltage 
supply. Absolute constancy of filament current is maintained by the potentio¬ 
meter device described by Robertson and Fox (loc, ciL), Fractures may occur 
in the filament and are repaired by cementing the break with a mixture of zir- 
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comum, cerium, thorium and yttrium oxides and a trace of borax, the whole 
made into a paste by the addition of a 12 per cent, solution of cane sugar.* 

Focusing the Radiation cm the Collimator Slit —Radiation from the condensing 
mirror, M^, is focused at the centre, F, of the absorption tube,t and then 
diverges to which focuses it, after reflection at a plane mirror, Mg, on the 
collimator slit, S. A good image of the filament is obtained on S only if the 
errors introduced by are reversed by Mg.l A wave diverging from the 
Nernst filament, N, towards Mj is after reflection distorted to some form abed. 
When it has passed through F, its form will be a'Fc'd\ and this wave should 



be brought to a focus as nearly perfect as possible by Mg. If abed were travelling 
from right to left instead of from left to right, would bring it to a correct 
focus at N. Hence tlie point to which the radiation converges should lie on 
that side of the direction of the oncoming wave which is turned away from the 
mirror; that is, tlie focus conjugate to F in the mirror Mg should lie on the a' 
side of Mg. The focal length of Mg should be such that the angular aperture 
of the spectrometer is just filled, and that of Mj such that the imago of the 
Nernst filament is just the length of the collimator slit. is a reflecting mirror 
which increases the effective solid angle subtended by Mj at N, 

Thermopile and Gahanorneler .—After traversing the spectrometer, the 
radiation passes through the spectrometer slit on to a 20 junction bismuth- 
silver thermopile enclosed in an air-tight ca8e,§ which may be evacuated; 
the Hilger thermopiles are constructed for maximum efficiency at atmospheric 
pressure in air, but it was found advantageous to maint^iin a slightly diminished 
pressure in the case. The galvanometer was of the Downing typelj and was 
employed normally at a sensitivity of 1amp. per millimetre scale deflection 
at 1 metre ; it was possible to obtain values of 10”^^ but the period became 
unduly long with the instrument employed; another of the same type has 
been procured with a lighter system to overcome this difficulty. Electro- 

♦ Griffiths, ‘ Phil. Mag.* [vi], vol. 60, p. 203 (1926). 
t Snow and Taylor, ‘ Prm^ Roy- Soc.,’ A, vol, 124, p. 446 (1929). 
t Of, Casemy, * Z. Physik/ vol. 01, p. 792 (1930). 

$ Robertson and Fox, loc, cU, 

II * J. 8oi. Inst.,’ vol. 3, p. 331 (1920), 



magnelao disturbances were suppressed hj surrounding the galTanonteter 
with a loosely wound copper and mu-metal shield ; over this were placed the 
two Pascheii shields between which mu-metal was again loosely wound. The 
mass of the shields with base plates, etc., was determined and the centre of 
mass located. A modified Julius suspensiop was then constructed based very 
largely on the design of Johnsrud ;* it is illustrated in Plate 3. The tape- 
bound springs act as shock absorbers, and the adjustable cylindrical masses 
allow the centre of mass to he brought to the point of suspension of the magnet 
system. With all leads from thermopile to galvanometer enclosed in earthed 
composition tubing, the necessity for night work has been completely overcome. 
The relatively large mass of the whole makes shielding against draughts 
unnecessary. 

Absorption Tubes .—These were 45 cm. long by 4-5 cm. diameter, of glass, 
with the ends ground parallel and polished ; the circular rocksalt pistes were 
pressed against the ends with a trace of vaseline; the tubes were then evacuated, 
and if leaks appeared shellac varnish was wiped over the join. The end caps 
and rings and the rocker are fully described by Robertson and Fox {he. cit ,); 
the latter was operated from a distance and allowed of adjustments for 
parallelism and height, since the centres of the tubes must be at the same level 
as the centres of the Nernst filament and speotrometer slit for efficient working. 
The gas enters the absorption tube through a large glass spiral as dernsribed 
in the paper cited, thus allowing for the ready interchange of the evacuated 
control tube with that containing the gas; the spiral is connected through 
phos{ffioric oxide tubes and a liquid air trap to a Hyvac pump and manometer. 

The Spectrometer .—The spectrometer is a Hilger D.42 instrument; it was 
encased in 5-ply wood painted dead black inside. The only parte which project 
are the wave-length drum, the collimator slit, and the thermopile eye|>iece 
Oover; care was taken to ensure close fitting around these parts. The case 
w^s bored to take a thermometer and a tube lor the evacuation of the brass, 
airtight thermopile case. The temperature of riie case was maintaiii»i 
teasonably constant at 18°; all results, however, are ultimately corrected for 
that temperature. A small quantity of desiccating agent was kept inside the 
case. 

Quartz, fluorite, rocksalt and sylvine prisms, each of 46 nun. heis^t and 
70 mm. length of face, with prism angle 66°, were available. Cine cbnnn was 
WMd for all four prisms Md was oalibmted by Robertson Fox’s method. 
We should like at this point to express our graritude tb Six Robert Robertson 
* ‘ J. Opt. 8oo. Ainer.,’vot 





{l^'anug />. 


Shi.-|flini.' sy.stfm. Sliotk Absovlwis. 



md hte co-workere for their very ready help and gnidanoe, and inr the loan of 
an accurate steel tape measure and a telescope fitted with a high power eye¬ 
piece used in the calibration of the instrument* 

PossibiUties of Experimental Error, —Apart from the lengthy and laborious 
process of drum calibration, investigation into a number of other possible errors 
in the setting of the instrument is necessary before the pcrtentialities of this 
type of spectrometer can be thoroughly exploited. The absence of any such 
data was foimd a great handicap at the beginning, and the valuable work of 
RobertiSon and Fox admits of supplement. It is proposed in what follows to 
discuss very briefly the sources of possible errors and to indicate their 
calculation. 

The possible experimental errors are due to uncertainty in— 

(i) drum reading; 

(ii) setting the prism at minimum deviation ; 

(iii) value of the prism angle ; 

(iv) temperature of the prism. 

They are best calculated in terms of error in the rotation of the prism table. 

(i) Errors in Drum Rexjuliny, —The error in the drum calibration itself is 
easily calculated and gives an error in rotation of the prism table less than 
3 seconds of arc for any rotation of the drum* 

(ii) Errors in SeUing the Prism at Minimum Messrs. Hilger 

have shown in the tables of accompanying data supplied with the instrument 
that an error of 30 minutes in the minimum deviation setting corresponds to a 
maximum possible error of 7 seconds in the rotation of the prism table. The 
process depends finally on the setting of the prism by the aid of a jig in which the 
possible error is approximately 5 minutes ; hence the possible equivalent error 
in prism table rotation is 1 • 5 seconds. 

(iii) Value of the Prim Angle, —knowledge of the accuracy required for the 
prism angle is of great use, particularly for the rocksalt and sylvine prisms; 
the faces of the latter may deteriorate and require repolishing. The refracting 
angle may be changed in the process ; if the change is not sufficient to give an 
equivalent error in prism table rotation greater than 1 second, the wave-length 
drum need not be recalibrated. The minimum deviation, 3, for any refractive 
index, n, and prism angle, A, is given by 

^ence 


^ sin I <A + S)/sin 


dn A 
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where dn is the change in the fifth decimal place of refractive index per second 
of arc change in A ; if A — 60°, 

= 0-971 sin iS. (2) 

The equivalent change in total deviation is obtained by multiplying (2) by 
(dBjdn ); from (1) we have 

/3S\ _ 2 sin iA 

C 08 i(A+^)‘ 

Inserting appropriate values for rocksalt in (3), we obtain a change in total 
deviation per unit change in the fifth decimal place of refractive index of 3 
seconds; this is approximately constant throughout the range of 1 to 16 (x, 
since i (A + S) is largo compared with the difference in the values of JS at 
1 [I and at 16 \i. Combining this with (2) we have 

j 1 *0 second/second. 

/0S \ 
vM 16 

Hence the equivalent error in prism table rotation for an error of 1 second in 
A is 0*6 second at 1 (x and 0*4 second at 16 fx; the Wadsworth mirror is 
adjusted to give a correct setting at 1'014 (x, and the nett error at 16 |x is 
consequently 0*1 second. The permissible error in A is therefore 10 seconds 
of arc. 

Similar calculations give the corresponding values for the other prism 
materials and they are tabulated below. 


Table I.—Permissible Errors in Prism Angles at the Appropriate 

Wave-lengths. 


Matenal. ! 

in Kecunds. 

©a/aA) 

i in seconds/second. 

rv»rmiMiible 

{At 5ih decimal 
place for «.) 

At 1 fi* 

At 

effective 

limit. 

em»r in A 
in secondei* 

Quart*, 60* 1' 30",,.. 

30 

1*0 

0-9 at 3-4^ 

20 

Fluorite, 60“ 0' 0".,.. 

2*9 

0*78 

0‘61 at 8*6 fi 

12 

Bookaalt, 60“ 0“0 " ! 

30 

1*0 

O*8atl0ji* 

10 

Sylvino, 60“ 0'37" 

2-9 

0*89 

0*63 at 22 ft 

8 
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(iv) Variation of Refractive Index of Prism Material with Tempercd/wre ,— 
The variation is considerable with rocksalt, fluorite and sylvine. The 
temperature at which the Wadsworth mirror is set, and that at which the 
8p<-»ctrometer drum is read, are both noted ; the spectrometer is calibrated to 
read correctly at 18^’G., and if the Wadsworth min*or is not set at 18° there is 
an equivalent error in prism table rotation. The article by Coblentz on 

Infra-red Transmission and Refraction Data in the Dictionary of Applied 
Physics (vol, 4, p. 136) records the necessary temperature coefficients which 
give the change in refractive index ; when the latter is multiplied by \{d^jdn) 
we obtain the equivalent correction in prism table rotation ; a similar calcula¬ 
tion provides the temperature correction for the drum reading, and the algebraic 
difference of the two gives the nett correction for ^5 ; tlie corresponding error 
in wave-length is given on multiplication by 2{3X/0S). The temperature at 
which the Wadsworth mirror is set, and that at which the drum is read, should 
be accurate to 0’3°. 

The greatest error, then, is in the uncertainty of prism table rotation with 
drum rotation. The maximum possible error in any wave-length reading may 
be taken as that due to an error of 4 seconds of arc in the semi-minimum devia¬ 
tion ; this error diminishes as the wave-length approaches 1'014 [x, where the 
Wadsworth mirror is set. 

Resolving Ponder, 

A knowledge of the difference in wave-numbers of any two consecutive 
maxima which can be distinguished by the instrument is useful inasmuch as 
it indicates what Bjerrum doublets in the infra-red might be separated into 
their constituent branches. A thermopile slit width of 0*01 inch subtends an 
angle of approximately 10(1 seconds of arc at the prism ; if the collimator slit 
is of the same width, maxima separated by the wave-numbers included in 
100 seconds of arc of total minimum deviation sliould be resolved ; since the 
direction of incidence on the prism is constant for all wave-lengths, spectral 
lines must on emergence be separated approximately as the difference in their 
total minimum deviations. The problem is therefore to determine the wave- 
numbers included in 100 seconds of arc of total deviation at different wave¬ 
lengths. The range of wave-length included in 100 seconds of arc is calculated 
from the table of wave-length—semi-minimum deviation. The range of 
wave-numbers is then determined from the expression dv = — dX/X®. 

Table II appended gives the wave-numbers included in the slit width used 
for normal working of the spectrometer within the appropriate ranges for the 
available prism materials. 
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Table 11. 




Normal slit width 

\\ Hvo-number 


i ^ {^;* 

j 

(in 1/1000 ill.). 

reparation 

(a) Quartz . 

1-0 

3 

70 

1-5 

3 

50 

1*75 

3 

20 

1 2-0 

3 

13 

1 2 7 

5 

9 

! 30 

7 

8 

1 i 

7 

7 

(6) Fluorite .. 

3*5 

5 

19 

40 

5 

14 

1 4*5 

5 

10 

5 0 

7 

8 

i r,-7 I 

7 

7 

i 6*4 j 

10 

6 

i 7 2 

iO 1 

1 4 

8-1 i 

10 

i 3 

(c) Rockstth . 

8*0 

10 

12 

: »'3 j 

10 

8 

! 10-4 i 

10 i 

5 

U'O 1 

10 

4 


12*8 

10 

3 


14*0 

16 

3 


15*1 

15 , 

2 

(4?) Sylvine . 

15-5 

15 

4 


16*75 

20 1 

1 3-5 


17*9 

20 

1 3 


19*6 

25 

1 2*6 


21*5 

25 

2-5 


The above wave-number separations are less, however, than those which in 
practice can actually be resolved, since curvature of the image of the collimator 
slit diminishes the resolving power. This defect might be considerably 
reduced if the spectroscope were designed so that the telescope mirror reversed 
the errors of the collimator mirror.* The P and R branches of the sulphur 
dioxide band at 4 >003 p, separated by Meyer, Bronk and Levinf with the aid 
of a grating instrument, show a difference between the envelope maxima of 
24 om."^; this degree of resolution was not attained with the fluorite prism in 
our possession ; defects in the actual sample may be responsible for this failure, 
and generally with this prism and spectroscope, separable wave-numbers are 
60 per cent, further apart than those given in the table. 

Table II enables us to contrast the prism with the grating, and to show whore 
the former may give the desired experimental data even more readily than th«; 

• See Ozomy, /oc. eit. 

t ‘ J. Opt. Soo. Amer.,‘ vol. 15, p. 267 (1927). 
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later. Two factors have to be considered in infra-red measurements, viz. 
the resolviag power of the instrument and the energy falling on the thermopile. 
The resolving power, X/dX, of the grating is greater than that of the prism at 
all wave-lengths ; at longer wave-length, however, a given frequency difference 
corresponds to a much larger wave-length difference than at shorter wave¬ 
lengths and the large resolving power is not essential; in fact, dX go X^v. The 
prism spectrometer at any given wave-length presents to the thermopile a 
greater amount of energy than a grating spectrometer. Hence, between 
8 and 22 [x, where the available energy is very low, the prism spectrometer 
may give useful data more readily than a grating instrument. 

Finally, Table III gives the moment of inertia corresponding to a definite 
Bjerrum separation ; it is useful since it indicates those molecules whose bands 
should be carefully examined. 

Table HI. 


idv (cm.-'*). 

“'T" 

70 

i 

1 50 

1 

20 ! 13 

i 

1 

9 

8 

7 

0 

5 

4 

.l.g. cm.® X to®". 

, 0‘1 

1 

1 ' 

i 0*2 ' 

i 

1 i ! 

1-1 1 2-6 : 

j 

6-6 

i 

7*0 

9*0 

12 

18 

28 


In order to bring out the full resolving power of the instrument, it is essential 
to make observations at sufficucntly frequent intervals ; four or six per slit 
width allow of this. 0*01 of a revolution of the wave-length drum moves the 
image of the spectrum line 0*0022 inch ; henc(!, when examining a band with 
a slit width of 0-01 inch, 90 to 120 readings have to be taken per revolution of 
the micrometer drum. 
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Part II .—*Tlie Absorption Spectmm of Sulphur Dioxide. 

By C, R. Bailey, A. B. D. Cassxe, and W. R. Angus, University College, 

London. 

(Communicated by F. 6. Donnan, F*R.S.—Received August 11, 1930.) 

It has been pointed out that if the precautions indicated in the previous 
paper are carefully observed, a high order of accuracy in infra-red measure¬ 
ments can be obtained with a prism spectrometer. Although the final word 
at present rests with the grating instrument on account of its higher resohdng 
power, nevertheless a deal of useful work remains to be done with prisms. A 
band can be located (generally a necessary process for a prism spectrometer 
before the grating can be applied), the band centre and band type can often 
be determined, and the molecular constants can be approximately deduced. 

It is proposed in these papers to examine the spectra of gases and vapours 
in which the molecule has three different moments of inertia. The rotational 
fine structure within a vibrational band due to an asymmetrical rotator is 
very complex and individual lines may lie so close and the constituent series 
so overlap that absorption may be practically continuous. The prism spectro¬ 
meter enables the first step in the unravelling of the tangle to be accomplished, 
in that the envelope of the individual lines gives under favourable circum¬ 
stances the branches of the Bjerrum doublets, and hence enables the moments 
of inertia to be determined and frequently provides a knowledge of what may 
be called the resultant electrical structure of the molecule. 

Experimeniul. 

Sulphur dioxide was taken from a commercialsyphon ” and passed slowly 
through concentrated sulphuric acid into the phosphoric oxide and absorption 
tube system which had been previously evacuated. When the attached mano¬ 
meter showed a pressure of gas just greater than was required in the absorption 
tube, the tap connecting the sulphuric acid bubblers to the evacuated system 
was closed, the sulphur dioxide frozen in a liquid air trap, and the system again 
pumped out to remove any air that had passed with the gas into the absorption 
tube. This process was necessary in order to obtain the true pressure 
of sulphur dioxide in the tube. The liquid air trap was subsequently slowly 
warmed up until the desired pressure was shown by the manometer; the 
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trap was then shut off and time allowed for pressure equilibrium to be attained 
throughout the system which included the glass spiral; the manometer was 
again read. The preliminary examination was carried out at a pressure of 
approximately 65 cm., when the positions and approximate absorptions of all 
the bands were determined, each band was then investigated individually at 
a pressure required to give a maximum percentage absorption of approxi¬ 
mately 50 per cent, whore the resolution of the bands is most readily effected. 

T}ie Observed Data. 

The details of the bands revealed by this investigation arc collected in Table 
I. The second and third columns give respectively the wave-lengths and wave- 
numbers of the band centres ; the fourth and fifth columns give the maxima 
of the band envelope and their separations in wave-numbers ; in the sixth and 
seventh are to be found the pressure of gas in centimetres of mercury with the 
maximal percentage absorption. The last three columns give the suggested 
origin of the band with the calculated value and the discrepancy between this 
and the observed. Cobleiitz* explored the spectrum as far as 15 (jl with a 
rocksalt prism and his results are shown in fig. 1. When the individual bands 



Pig, 1.—The Infra-Hed Absorption of SOj according to Coblentz. 


are considered in detail below, it will be seen that there exist certain unexplained 
differences between the two sets. 

* “ Investigations of Infra-red Spectra,’* Part I, pp. 52 and 177. 
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Table I. 
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The IfidhMual Bands, 

A, Fundamental Band at 16*494 (i 0-004) fz, v = 606 cmr\ not observed 
by Cohlmtz ,—This band was investigated with tlte sylvine prism with actual 
slit widths both of 0*025 inch; a galvanometer deflection of 15 cm* was 
obtained when the radiation passed through the empty tube* Under these 
conditions the slit includes 3*5 although the separation obtained in 

practice is not quite so good. However, reference to fig. 2 will show that a 
doublet is present; the region near the maxima was re-examined with slits 
0-015 inch and the same doublet separation was obtained, viz., 9 the 



Fto. 2,—Fundamental Band at 16*5 fi. 
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band consisting of P and R branches. The doublet minimal percentage 
absorption observed with the narrower slit widths was only 3 per cent, lower 
than the maxima on either side, and it was not considered justifiable to assume 
the real existence of this separation until other possible sources of this small 
variation with wave-length had been investigated. The most likely cause 
would be a difference in the transmission of the two tubes at this point; 
accordingly both tubes were evacuated and the galvanomettir throws again 
read. There was actually a very small difference in the transmissions, but this 
difference remained accurately constant throughout the range ; the tube was 
then refilled and the doublet again appeared. There is then every justification 
for adopting the given value for the doublet separation. 

B. Fimdamerifnl Band at 8*680 {~j^ 0*(K)4) p, 1152 ; CobleMz 

gives 8-7 p.—A rocksalt prism was used for this region, with slit widths 0*01 
and 0*01 inch, including 10 cm.""*. We have a well-defined doublet of P and 
R branches only, th(' separation being 31 em.'^^ The observations in this as 
in the other bands were repeated at different pressures and with different 



Fio. 3.—Fundainontal Baud at 8*68 p. 


samplos of the gas, and the results were consistent. The mean maximum 
percentage absorption was determined at ()’9 and 4 ‘6 cm. pressure and was 
found to be 23 and 80 per cent, respectively. The band is shown ui fig. 3. 

0. Fundamental Band at 7-347 (rfc 0*002) (x, V 3 — 1361 cm. ^ {fy. 4); 
Coblentz gives 7-4 ^x.- This is the most intense band, and Table I enables the 
intensity relationships })etween the various bands to be approximately deter¬ 
mined. Coblentz shows the two bands at 8*7 and 7-4 (X as having the same 

VOL. exxx.-—A. ^ 
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intensities ; this is probably due to the fact that the maximum absorption in 
each case is 100 per cent., but tliere is no doubt that the latter band is much 
more powerful. It was (examined witli the fluorite prism, the slit widths 
being 0*007 inch in each case and including 4 cm.“^: maxima 6 apart 

should be separated. We have repeated observations on this band many 
times at different pressures, slit widths, and with different samples of gas; 
the same qualitative result was obtained in all cases. Reference, to fig. 4 
will show what appear to be P, Q and R branches, and by reducing the slit 



width as low as 0 • 004 inch it was hoped to effect a more complete separation 
of the Q and P, but the figure shows the ultimum of resolution under the given 
conditions. The value of the band centre given by the authors in a preliminary 
note to ' Nature/’*' was that of the minimum between the Q and R branches, 
viz., 7*301 fx ; theoretical considerations have since confirmed the suggestion 
that the band has a strong Q branch and this is now given as the band centre. 
The pressure 0*15 cm. of mercury given in the table must be taken as indicative 
of the order of magnitude since the presence of the glass spiral renders the deter¬ 
mination of low pressures somewhat difficult; at any pressures comparable with 
those used for the other bands the galvanometer deflections were negligible. 

D. Combination Band at 6*346 (± 0*002) |x, v — 1871 —A very weak 

band explored with the fluorite prism and slit widths of 0*005 inch (includes 
8 and resolves 12 cm.^^). Only one maximum was observed, chiefly 


♦ Vol. 126, p. 69 (1930). 
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because of the low absorption; to avoid the possibility of the presence of 
** false band the tubes were tested for inequality of transmission as before, 
and the gas samples were varied. Coblcntz reports a baud at 5 • 08 fx, with a 
maximal percentage absorption of 15 to 20 per cent, in a cell length of 0*3 cm. 
at atmospheric pressure; it is difficult to say whether the two are identical, 
our band is certainly much weaker. The formulation Vg + Vg — Vj fits the 
band centre better than any other ; the discrepancy of 36 cm.“^ may bo attri¬ 
buted to the anharmony of the combination. Tlje low intensity is in accord 
with the existence of a difference tone which is not unexpected, as one quantum 
of radiation of frequency 606 cm.'^^ is 10 X 10“'^^ ergs., whilst the kinetic 
energy of translation of the molecule at 17" C. is 4 X ergs. There is, 
how’^ever, the possibility that this band is to be interpreted as the combination 
of the fundamental at 7-34 \x with a tw^o-parameter band whose ground level 
is at 006 cm.“^, of the type Vg + J experimental evidence does 

not allow US to say whether ( 2 -~l)v 3 exists. 

E. Combination Band at 4*338 (d:: 0*003) (x, v = 2305 {jig. 5).—Cob- 
lentz shows a band at 3 * 97 |X ; this has probably been resolved in the present 

VVavt* loni’M It 



Wflve numbers 

Fia. 6.—Combination Bands at 4*35 p and 4 0 (x. 


work into the bands 4 • 34 and 4 ■ 00 fi, (see below). Tbe fluorite prism with slit 
widths 0*007 in each case was employed, the thermopile slit includes 12 cm."^ 
apd maxima separated by 18 cm.”^ resolved. Two indistinct maxima 29 cm.”* 
apart were distinguished and the band appears to consist of P and ll branches ; 
it is apparently the first harmonic of the second fundamental, v*; the calculated 
and observed values are exceptionally close. 

L 2 
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F. Co7nhiyiatio7i Band at 4*CX)3 (:i: 0-003) v — 2499 {fig. 5).—This 
band waa resolved by Meyer, Bronk, and Levin into P and R branches by means 
of a grating, the band centre, as far as one can judge from the very small 
figure provided, being at or near 4*001 (x (2502 The separation of 

the maxima obtained by the above authors was 24 cm.“^; we have failed to 
resolve this band, although this value appears to be just witliin the limits 
of possible resolution for the fluorite prism at the wave-length in question. 
The frequency calculated on the assumption that this band is represented by 
Vf + V 3 is in good agreement with that observed. 

The Stdphur Dioxide Molecule. 

The existence^ of a permanent electric momentf indicates a triangular 
structure for this molecule ; the infra-red data given above are in accordance 
with this assumption; we have three distinct fundamental frequencies 
resolvable into P and R or P, Q, and R branches. From the maximal separation 
in the Bjerrum doublets the classical values for possibly two of the moments of 
inertia of the molecule are easily calculated. If we accept the separations of 
31 and 9 cm."’^, the corresponding moments of inertia are 4*7 and 55 X 10““*® 
g. the molecule has, however, three finite and unequal moments of inertia 
and we are therefore not entitled to assume that these are the moments about 
any two perpendicular axes. If a, b and c are the reciprocals of the principal 
moments of inertia of sulphur dioxide, where a < 6 < c, the observed moments 
of inertia may have values whose reciprocals are given by (a -j- b)/2, 
c — (a + fe)/ 2 , c, a and (c — a)/ 2 .J Identification of the observed moments 
of inertia with the correct combinations of the principal moments of inertia 
is only possible when we have a knowledge of the orientation in the molecule 
of the different electric moments effective in the different bands; selection 
rules then guide us in the process, 

Bjerrum § secerns to have been the first to investigate theoretically the funda¬ 
mental frequencies due to triatomic molecule^s of isosceles triangular form. 
He assumed the forces acting between the atomic centres to be perfectly elastic 
and calculated the fundamental frequencies in two cases : (1) where the 
restoring forces are central, and (2) where the restoring force between S and 0 
is central, and a restoring couple acts about an axis passing through the S atom 

• ' J. Opt. 80c. Amcr./ vol. 16, p, 267 (1027). 

t Zahn, * Phys. Kev.,’ vol. 27, p. 466 (1026). 

i 8ee Bailoy, Oaaaio and Angus, * Trans. Faraday Soc.,’ vol. 26, p. 107 (1930). 

§ * Verhand. Deutsche Phyaikal. Geseli,,* vol. 16, p. 787 (1014). 
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and perpendicular to the molecular plane ; the latter couple replaces the central 
restoring force a(*,tiTig between the oxygen atoms in case (1). Clearly Bjerrum’s 
calculations are only a first approximation ; the method has been amplified 
and extended.* It is nevertheless invaluable in assigning the different funda¬ 
mental frecjuencies to different modes of vibration of the molecule, and is the 
general niathemutical method employed in vibration problems. The deter¬ 
minant equation which givfis the possible frequencies is a cubic ; the relations 
between the roots of the equation and its coefficients give three equations in 
terms of the two elastic coefficients, the semi-angle, a/2, of the isosceles triangle, 
the masses of the atoms, and the periods of the normal modcvS of vil)ration. 
The tdastic coefficients can be eliminated to give an ecjuation in the masses of 
the atoms, the periods of the normal modes, and a : it is a (piadratic in cos^ a/2. 
There arc hence six possible values for co3^a/2 corresponding to the three per¬ 
mutations of the three periods ; four of these are imaginary, and we have left 
two possible values of a. These are found to be approximately 40^' and 140®, 
and we finally arrive at four solutions in all: two correspond to case (1) which 
with Bjerruin we stiall rcdtjr t-o as a system of central forces, and two to case (2) 
which we sliall ('all a system of valence forces. The relative amplitudes of 
vibration for the tliree atoms can also be calculated ; the smaller valine of a 
gives vibrations that are abriost alikc^ for tlie central restoring force and for 
the valence force systems ; th(^ larger value gives diffiirent modes in each case 
(figs, t) and 7). 

The nature of the optical absorption in the infra-red depends on the orienta¬ 
tion of the vibrating electric doublet and on tlie magnitude of its vibration ; 
the greater the amplitude of vibration of the electric doublet the greater Is the 
percentage absorption. It is here taken as proportional to the vector sura of 
the amplitudes of vibration of the individual atoms.f If the central force 
system is chosen, the shortest and longest fundamental periods of vibration 
correspond to a vibrating electric doublet lying along the bisector of the vertical 
angle ; and the other period to an electric doublet parallel to a lino lying in 
the plane of the triangle and perpendicular to this bisector. The amplitude 
of the shortest period vibration is much greater than that of the largest; that 
is, the shortest wave-length infra-red absorption band should be considerably 
more intense than the longest. The larger angle model with central forces 
has these intensities reversed. The valence force system with the larger 

* Dennison, ‘ Astrophys. J./ vol. 62, p. 84 (1925) and ‘ Phil Mag.,’ vol. 1, p. 195 (1926) 
Hund, ‘ Z. Physik,’ vol. Sl, p. 81 (1926) and vol. 43, p. 805 (1927). 

f Dennison, ‘ Phil. Mag./ loc, cit 
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Fig. 6 .—System of Gentrat Forces a —140^. 

(а) X =« 7’3 /t; symmetrical. 

(б) X 8*68 /i; asymmetrical. 

(c) X 16*5 /A; symmetrical. 


Fig. 7.—System of Valence Forces, a—140°. 
(a) X 7^3 /A; asymmetrical. 

{h) X ~ 8*68 ; symmetrical. 

(c) X — 16'5 fx; symmetrical. 


value for a interchanges the directions of the electric doublets effective in the 
two shorter periods, and the amplitude of the two long<jr periods are approxi¬ 
mately equal. 

The ratios of the experimentally observed intensities cannot be accurately 
determined as different pressures were required for observations in the different 
bands. The shortest wave-length band is by far the most intense ; the middle 
band has approximately a maximal percentage absorption of 80 per cent, at 
4-6 cm., while the longest has an absorption of only 37 per cent, at 63-6 cm. 
pressure. The great absorption of the shortest wave-length band compared 
with the others agrees only with the smaller value of a when the central force 
system is assumed. On the other hand, the large percentage absorption of the 
8*68 [X band compai‘cd with that of the 16*5 (x band does not agree with the 
approximately equal absorptions predicted by the valence force system when 
the larger value of oc is assumed. Thus we see that the intensity relationships 
of the fundamental bands lea,ve one possible solution for a, namely, that a 
must be small. 

Our model of the sulphur dioxide molecule is, therefore, qualitatively that 
shown in fig. 8. The shortest and longest wave-length bands have effective 
electric doublets whose changes during vibration lie along the bisector of the 
vertical angle ; the middle wave-length band has an effective electric doublet 
whose changes lie wholly normal to this line, and in the plane of the triangle. 
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Fig. 8a. —Futulamental 
at 7 • 3 fz ; symmetrical. 

a ^ 24‘\ r 



at 8*<i8 fA ; aHymmetrical. at 10-5 fx ; symnietrioal. 
4-8 X 10"* cm, 2 X 10"* cm. 


The orientation of the change in electric moment is now known, and an 
interpretation of the branch separations is possible. 

Band B at 8 *08 (j. is a simple doublet. The electric moment effective in 
the absorption is norma! to the bisector of the vertical angle ; hence there 
should be no Q branch corresponding to spin about this axis, and the P and R 
branch separation gives the moment of inertia about this principal axis, 
the least moment of inertia. The doublet separation is 31 cm.“^, and the 
corresponding moment of inertia is 4*7 X g. cin,^. 

Band A at 16*5 p. is a simple doublet containing a P and R branch. The 
effective electric doublet is parallel to the bisector of the vertical angle or 
axis of least inertia. There should, therefore, be no separation corresponding 
here to the least moment of inertia, we must have a separation which corre¬ 
sponds either to the greatest moment of inertia or to the arithmetic mean of 
the greatest and intermediate principal moments of inertia according as the 
molecule spins about the axis of greatest or least inertia. Since the difference 
between the greatest and init'rmediate moments of inertia is small compared 
with the value of either, the difference between these effective moments of 
inertia is negligible. We therefore assume the separation of 9 cm."^ to corre¬ 
spond to the largest moment of inertia ; its value is 55 X 10*"®® g. cm.®. 

Band C at 7*35 p. presents some difficulties. This band arises from an 
effective electric doublet parallel to the least axis of inertia. There should 
therefore be no P and R separation corresponding to the least moment of 
inertia; on our model the band should be similar to that at 16*6 p,. The 
observed band, however, has P and R branches separated hy 29 to 30 omr^, 
with a strong Q branch; the general form of the band, as shown by our 
resolution and by Coblentz’s original diagram, makes it unlikely that we are 
dealing with two superimposed bands, although this possibility has always to 
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be borne in mind, and study of the band with apparatus of higher resolving 
power has to be made before complete certainty is reached. The fact that the 
doublet separation does correspond with the smallest moment of inertia admits 
of interpretation if wo assume that the change in tlic efFective electric doublet 
is not wholly parallel to tlie least moment of inertia. The very great intensity 
of the band compared with that at lf)'5 p makes this supposition plausible; 
for Bjerrum's simple hypotlieses and Dennison^s assumption may be almost 
correct for the small amplitudes involved in the 10 *5 p vibration, and be no 
more tlian rough approximations for such large amplitudes as occur in the 
7*35 [X band. The P and R branches arc therefoiv* assumed to be due to 
changes in rotation about the least axis of inertia. Since the Q branch has 
a greater intensity than either of the others, the effective electric doublet must 
have a larger component parallel to the least axis of inertia than perpendicuhrr 
to it. 

Band B at 4*34 [x is the first harmonic of the band at 8*08 |x and its 
characteristics tally with this assignment. 

Band F at 4*00 (x has been resolved into P ancl K branches by Meyer, Bronk 
and Levin (Joe. cit,). In assigning this band to a combination tone Vg + V 3 
of the fundamentals at 8*08 and 7*45 (x, we should have an effective electric 
doublet inclined to the axes of least and intermediate moments of inertia, 
but perpendicular to the axis of greatest. The separation of the P and R 
branches is given as 24 cra.'~^, which corresponds to a moment of incjrtia of 
7*7 X 10”^ g. cm.®. This value does not fit any of the theoretically possible 
combinations of the principal moments of inertia (55, 50 and 4*7 X 10“®® 
g, cm.®). In the very small diagram provided, the authors show a curve with 
a very broad P branch compared with those wc have observed ; the moment 
of inertia must depend on the amplitude of vibration of the atoms, and there 
is in fact no reason to assume that the moment of inertia given by the funda¬ 
mental bands should in all cases be the same as that given by the harmonics 
or combination tones. It is even possible that the difference in values in 
the two cases might be used to deduce the ratio of the amplitudes of the atomic 
vibrations in a fundamental and combination tone. 

A quantitative model based on the supposition that 65 and 4*7 X 10“®® g. 
cm.® arc the greatest and least principal moments of inertia offers the following 
characteristics:— 

(i) S-0 = 4*8 X 

(ii) 0 — 0 = 2*0 X 10"® cm. 

(Ui) OSO = 24®. 
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This model with the above interpretation of the fundamental vibrations is 
supported by the work of Hund (loc. cit.). He derived expressions for the 
frequencies of vibration of the water molecule, and his method is applicable 
to sulphur dioxide. We make the following assumptions; (i) sulphur loses 
four electrons, two to each atom of oxygen ; (ii) the atom of sulphur has a 
constant polarisability; (iii) it attracts the oxygen atoms according to 
Coulomb’s law, and repels them inversely as the fifth power of the distance 
S 0 ; (iv) the oxygen atoms repel each other according to Coulomb’s laws. 
The (U)iLstant polarisability and the charge eHective in the S — 0 inverse fifth 
power repulsion are eliminated by means of the equations determining the 
configuration of stable equilibrium. Thence, following Hund’s calculation, 
the frequencies of the unsymmetrical and symmetrical vibrations are given 
by the exjiressions 

(w ■'*' i “) ~ 

and 

( 2 ) 

where 

P ~ (^11 7)~ (2^00 + + A ]2 + 4rAo] sin «); 

? - cos". (^ + ) t2A,. (A,. + A, J - 4A„«] ; 

and 


A 


00 “** 



^01 



^11 


\ ^ ^ 






in which M = mass of sulphur atom ; r = length of side of triangle ; m 
mass of oxygen atom ; s = lengtli of base of triangle ; a — semi-vertical angle 
of triangle. 

On insertion of the appropriate values as determined above, the ratios of the 
three frequencies appear as 

13-4:llA:6-6, 

where the middle value represents the unsymmetrical vibration, or that 
vibration whose effective electric doublet is normal to the axis of least inertia. 
The observed frequency ratios are as 

13*6: 11*4: 6^1, 


the middle value corresponding to the vibration whoso effective electric 
doublet was assumed normal to the axis of least inertia. 
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Comparison with the Original Observations of Cdblentz. 

Coblentz *8 original curve (fig. 1 ) shows a number of unresolved bands; we 
are unable to obtain bands corresponding to thovsc at 3*18 and 10*37 p., while 
in place of the band at 5*68 p we have another at 6*34 p. Coblentz prepared 
his gas by acting on sodium bisulphite with strong sulphuric acid, and purified 
it . by subsequent frac^tional liquefaction and distillation without eliminating 
any of the observed bands. Most careful search has failed to reveal the missing 
bands; we have had constructed tubes of stainless steel, 1 metre in length, 
and are proposing to examine the absorption spectra of a number of gases 
under pressure; in this way we hope to add to the known bands of these 
gases and hence obtain further information regarding the molecular constants. 
Our search for the missing bands was made under pressures of 63 cm. of 
mercury with a column of gas 45 cm. long, and it seems likely that we should 
have observed them if they had been present inasmuch as Coblentz used a 
6*3 cm. cell under 74*4 cm. pressure. Our gas was taken from the com¬ 
mercial syphon,” but the presence of any impurities would be more likely 
to add to the number of bands than to dimmish them. It is of importance to 
point out that Coblentz noticed that the wave-number difference between 
his bands at 3 • 18 and 3 * 97 p was 605 cm.'^^ (miscalculated, should be 626 
and between those at 5*68 and 8*70 p was 612 The closeness of these 

differences to the first fundamental at 606 cm.’“^ would indicate a positive 
existence for the missing bands; in that case 3 * 18 p == 3145 cm.“^ is V 2 +V 3 
(calculated from our results, 3109 cm.*"^); 5*68 p — 1762 is v^+Vg 

(calculated 1758); and 10*37 p = 965 might be 2 v 2 —(calculated 

944 cm.”^), although the comparatively great intensity (40 per cent, maximum 
absorption) of this band is against this assumption. 

TJm Raman Spectrum of Sulphur Dioxide* 

The Raman spectrum of solutions of sulphur dioxide in water, carbon 
tetrachloride and other solvents has been determined by Harkins, Gans and 
Bowers ;* they obtained prominent lines at 1150 and 1114 cm.""^. Dickinson 
and Westf repeated this work with liquid sulphur dioxide, and observed 
several lines corresponding to infra-red frequencies of 1146 (very strong) 
1340 (medium and diffused), and 524 cm.^^ (weak and diffused), but 1114 cm.“^ 
was missing. We can identify all of these except the last as in Table II below. 

♦ * Nature,’ vol. 126, p. 464 (1980). 
t ‘ Phys. Rev.; voL 36, p. 1126 (1930). 
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Table II.—The Raman and Infra-red Frequencies of Sulphur Dioxide. 


Kamau spectrum. 


rm.“* 

1146 

i:mo 

524 


Infra-rod Rpectrum. 

Origin. 

Calculated. 



1 

1152 


— 

1261 


— 

i 

— Vi 

1 

646 


The Mohmlar Constants. 

Until other combination- and over-tones have been obtained by an examina¬ 
tion of the absorption of the gas under greater pressures, it is not possible to 
assign definite values to all the charaeteristics of the molecule ; these include 
the true vibration frequencies and the constants indicating the measure of 
anharmony in the various modes. We can, however, say at once from bands 
B and E tliat + 62 is 1152 cm."*^, and that -f 46a is 2305 ; it follows then 
that Oa is 1152 cm.""^, and that is zero within the limits of experimental 
error, which is in keeping with the large moment of inertia. The difficulties 
encountered above in the analysis of band C place some doubt upon the value 
of the band centre, and further resolution must be awaited before a definite 
pronouncement can be made as to the values of and 63 . On the assumption 
then that band C contains a pronounced Q branch, the recognised constants 
of the sulphur dioxide molecule can be summarised as in Table III. 


Table III.—The Molecular Constants of Sulphur Dioxide, 


Momonta of inertia in | 

1 . . 1 

i LengtliH of Bide 

Vibration frt^quencies 

g. cm.^ X lO**. 

in era. X 10”. 

in 

J, - 66 

8 - 0 ^ 4«8 

4- by ^ 606 

J, - 60 

0 -- 0 -- 2 0 

rtg 1162, =^0 

J3-4‘7 

whence angle OSO 24'* 

+ ^ 1361 

jj sss -f dj, 




Summary. 

1 , The infra-red absorption spectrum of sulphur dioxide has been re-examined 
in the region 1 to 22 p. with a prism spectrometer fitted with quartz, fluorite, 
rocksalt, and sylvine prisms. 

2. The spectrometer having been carefully calibrated and allowance made 
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for the change in dispersion of the prism materials with temperature, it is 
believed that the results are generally accurate to i 0*003 (x. 

3. The ascertained spectrum has been compared with the previous work of 
Coblent?;. 

4. The partial resolution effected in most of the bands has rendered possible 
the determination of a number of the molecular constants, in particular the 
size and shape of the molecule, the moments of inertia, and the fimdamental 
vibrational frequencies. 

5. The observed infra-red spectrum has been co-ordinated with the Raman 
spectrum of the liquid. 
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The Tidal Oscillations in an Elliptic Basin of Variable Depth. 

By G. R. Goldsbrouou, F.R.S. 

(Received October 2, 1930.) 

§ ]. Introduction. 

The problem of the “ long ” waves in a circular basin of uniform depth 
involves in its solution a transcendental function"'—the Bessel function, and 
the determination of the free periods requires a knowledge of the zeros of this 
function or an allied function. On the other hand, when the basin, still circular, 
has a certain variable depth,f it was shown by Lamb that the solution is 
expressed in terms of simple algebraic polynomials and the free periods of 
oscillation are expressed by an extremely simple formula. 

In similar fashion, the solution of the problem of the “ long ” waves in an 
elliptic basin of uniform depth involves the use of elliptic cylinder functions, 
and the free periods are only obtained as the result of lengthy numerical 
approximations. | 

The present paper examines the oscillations in an elliptic basin having a 
paraboloidal law of depth such that, when the eccentricity vanishes, the basin 
has the same form as that discussed by Lamb. It is found in this case that the 
problem is again soluble in terms of polynomials and the free periods of any 
type of motion can be fotmd with comparative ease. The simple form of the 
results TnnkfiH it possible to examine the general character of the oscillations 
without great complication. 

The analysis is also interesting in that it affords a physical interpretation 
of certain theorems concerning the nature of the solutions of differential 
equations. 

The results obtained should have an application in the theory of aexdhea in 
lakes where the motion cannot be accurately taken as longitudinal. 


• Lamb, “ Hydrodynamics,” 4th ed,, p. 277. 
t Ibid., p. 288. 

t Jeffreys, ‘ Proo. Load. Math. Soo.,’ vol. 23, p. 466 (1923) j Ooldsteio, ibid., toL 28, 
p. 91 (1928). 
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§ 2. Statement of the Equation . 

Consider the long waves in an elliptic basin of variable depth A. We form 
the equations in elliptic co-ordinates tq, by means of the transformation 


X ™ C cosh 5 cos 7), 

y ^ c sinh ^ sin vj. 


Then, if w, v are the velocity components in the new system, we may write 
for simple-harmonic vibrations of period 27 t/X, 


Hm = ^ 

X ac 


Ht) 


ijlK 
X 07)' 


■r 


( 1 ) 


where ^ is the displacement of the free surface at the point (5, t]) and 
H® := c* (cosh^ ^ — cos* 7)). The corresponding equation of continuity is 

^ {hRu) + {hm) + Kh-kX, = 0. (2) 

di dr) 

On eliminating u and v from (1) and (2) we have the equation 

We shall choose as the law of depth 

h— h^ {a -- cosh* 5) (o — cos* rj), (4) 

where a — cosh* and 5 ^ ^o- 

The surface of the lake is then hounded by the ellipse ^ which has 
axes 2<3 cosh ^g, 2c sinh ^g. Further, the law of depth (4) reduced to rectangular 
co-ordinates gives 

A/Ao = o*-o-|‘(o-l)-y*|. (6) 


Hence the contour of the lake is paraboloidal in form and the greatest depth is 
hg (o* — a), or hg cosh* ^g sinh* 

On substituting (4) in (3) we have the resulting equation 

(a — cos® Y)) A (a — cosh® 5) || + {« — oosh* 0 ~{a — co8*y}) 

-{-^(CO8h*5--COS»Y))i;«0. (6) 

9H 
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Then, if may be expressed in the form XY, where X is independent of t) 
and Y is independent of equation (6) breaks up in the usual way into the two 
ordinary equations 

^ (a - cosli* ^ {1 - P (a - cosh* 5)} = 0, 

^ (a - cos* rj) ^ {_ 1 + P (« - cos* t))} = 0, 

ay] dy] 

where is an undetermined constant and is written for 

If in the first equation of (7) we put ^ = iy) it reduces to the second. Hence 
from the solution of one equation we may easily infer that of the other. 

The only otlu?r conditions to be fulfilled are that hu, hv 0 at the edge of the 
lake 5 Since cosli ^ 1> H does not vanish anywhere at the boundary. 

These conditions are then satisfied if has its first derivatives finite at ^ 
for all values of tq. The forms of the solutions adopted in the succeeding sections 
.are in accordance with this requirement. 



§ 3. Discussion of Equation (7). 

In the second of equations (7) put 2 ^ cos^vj, Y == w, — Po) 
and — — <TT. The equation then becomes 


S?w , M . 
di\z~^ 


wax {z 


dz^ ' dz\z ' Z--1 z-a> l)(t-a) 

This equation has four regular singularities which with their corresponding 
exponents are given by the following scheme : 

fO 1 a 00 


Li i 0 

An H since the sum of the exponents for this equation is 2 we have t = 1 — o. 

Equation (8) is a particular case of the equation discussed by Heun.* It is 
obtainable from the general equation of the second order with five singularities 
(one at infinity) by the confluence of one of the finite singularities with that at 
infinity. For instance, the general equation of the second order with five 
regular singularities at Oj, a,, flj, o. and <» respectively may be writtenf 


fsi 

tr • 1 


Az» + 2B2 + C j 

n («—«,) ] 

r = 1 ^ 


^0. (9) 


• ‘ Math. Annalen,’ vol. 83, p. 161 (1889). 
t Whittaker and Watson, “ Modero Analysis,” 3rd ed., p. 203. 
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In this equation, the exponents at are a^, and A, Bj C are 
constants. 

If now in equation (9) we put 

Oi 0, aa=l, a3:=a, 

ai = aa 0, 0 (r “ 1, 2, 3, 4) 

A = OT, 2B = — <TT --- a^). C = 

and let co ^ equation (9) reduces at once to equation (7). 

Equation (8) is similar to Lamp's equation. The only difference lies in the 
fact that (8) has a double zero exponent at the singularity a. The method of 
procedure used in dealing with Lam6*s equation in its algebraic form may be 
applied at once to (8). 

If the solution of (8) valid in the vicinity of z == 0 be expressed as 

t; =: F (a, gf; a, 1 — a ; i 0 ; z), (10) 

then it is readily shown in the usual way that 

T:^ziF{a,q; a + hi-a ; 0 ; z), ( 11 ) 

^ = z*(z~l)iF(a,q-, cr+l,2-a; 0 ; z), (12) 

and 

!: = (2-l)tF(a,?; o + i, J,0; z) (13) 

are aleo solutions. 

These forms give the different types of motion. 

§ 4. Solution of Equation (8). 

It is known that an equation of type (8) has a solution in the form of a poly- 
nominal for appropriate values of or and q. To determine these, assume a 
solution in the vicinity of the point s = 0 in the form 

W - SC„2*’+", 

where the exponent p = 0 or On substituting in equation (8), we have the 
following relation between the constants C where n is any integer. 

Cn+1«{(?> + H + l){p + « + i) 

+ C„ {— a(l — a)q ~ {p + n)* (1 + «) — i (p + n)} 

+ Cfi-i {(p + «) (p + » “ 1) + «(1 — o)} — 0. (14) 
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If we choose d = 4* m, m being an integer, it may be shown'*' that q is 

then the root of an algebraic equation of degree m and also that the corre¬ 
sponding polynominal solution is of order (m — 1). Further, with the con¬ 
ditions as in the present problem, the roots q are all real and distinct. 

By taking p 0 , i we arrive at polynomial solutions corresponding to (10) 
and ( 11 ). 

Since the solutions have this form, the boundary csoudition is at once fulfilled. 

For the forms ( 12 ) and (13) the sequence-relation between the constants C 
ii given by putting p = 0, | in the equation 

0n~i Up 4' n - 1) (p + n + 1) + cr (1 -- a) + |} 

+ t’n { — (« + 1 ) (p + ny^ ~~ {« “f h) (p "f — (<^/4) — o (1 — a) q} 

+ {(p H" ^ l)(p + n 4 1)} 0. (15) 

Tln^ polynomial solution in this case is obtained by putting o p 4 - w 4 
m being integral. 

Tlie second solution associated with an)'' one of the above polynomial solutions 
is, in general, a transcendental function involving a logarithm. 

It has be(‘n shown by Stieltjesf that if the equation 



where 4 ^ ( 2 :) is a polynomial of suitable form, the constants arc real and dis¬ 
tinct from one another and the constants are real and positive, has a poly¬ 
nomial solution <l> (^), then all tlie roots of ^ {z) r.- 0 , considered as a function 
of z, are real and lie between the greaU^st and least of the quantities e^. In 
the case of equation ( 8 ), these necessary conditions are fulfilled. If, therefore, 
is a polynomial solution of ( 8 ) of order (m 1 ) then vanishes for 
(m — 1 ) values of z lying between 0 and a, and we may write 

Wm- 1 ■■= (S - 2o)(2 - h) 

The complete solution of (fi) corresponding to this will be 
C »= (cosh® 5 - 2 o) 5 - 2 l) •• • (cosh® I - 


If 

and if 


X (C 08 ®y) — 2o) (cos®7) — 2i)... (cos*r, — 
Z, > 1, ^ = 0 for cosh* l=^Zr; 

1 , = 0 for cos® ij = 2 ,. 


• Cf, Whittaker and Watson, Modem Analysw,” p, 666, 
t * Aota Math.,’ vol. 6, p. 121 (1886), 
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The former case corresponds to a nodal ellipse and the latter to a pair of 
nodal hyperbolas. The polynomial solution of order (m — 1) therefore gives 
(m — 1) nodal lines of one kind or the other, a pair of Ijyperbolas being counted 
as one nodal line. 

Stieltjes has further shown that each distribution of the quantities in the 
intervals 0 to 1 and J to a corresponds to a unique set of coefficients in the 
polynomial or in the case of (8) to a unique determination of q. Now it 
has just been shown that there are m independent values of q which give a 
polynomial solution of order (?a — 1). To each of these values of q there is a 
different distribution of the zeros of and it is clear that there are m 

differtmt distributions of them corresponding to the m different values of q. 
It follows that each mode of vibration involving a polynomial solution of a 
certain order has the same number of nodal lines, but that the distribution 
of the lines between the ellipses and hyperbolas is different for each separate 
frequency of that type. 

This result is illustrated in the next section. 

§ 5. The Modes of Oscillation. 

It is of some interest to examine in detail the earlier modes of vibration of 
the various types. 

(i) In (14) put f ^ 0. The relation then becomes 

Cn+i a (« + 1) (w -t- i) + c„ ((T (o — 1) g — n* (1 + a) — 

+ C„_Jn(M-l)-a(o-l)} = 0. (17) 

For the lowest mode of this type take 0 = 2 and Cj = Ca = ... = 0. 

The equations then become 

Co.2.1.g + C,o.i • =0. 

-Co.2 +C, (2.1.g~a-n = 0. 

From these 

g = a/i 4 I ± i %/(«* — « 4-1). (18) 

and therefore 

K* =s 4o (o — 1) (o — g) 

== 6a - 3 T 2 ^/{a^ - a 4* Jr)- (19) 

The surface level for this type is given by 

j;x + cosh* 4- cos* 7 j), 

\Cl / \C| 

The mode of lower frequency exhibits a pair of nodal hyperbolas and the 
higher frequency a nodal ellipse. 
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(ii) Next put j) | in (14). The equation then becomes 

C„+ia (n + I (n + 1) + C„ a (1 - o) y - (n + i)*(l +«) - J (« + i)} 

+ C„_i {n* - J - or (o - 1)} == 0. (20) 

The lowest mode of this type is given by 

m = 1, or a ~ 3/2 and ~ Cg = .,. = 0. 

The solution is then 
or 

and I (21) 

Cx cosh 5 COSTQ. j 

The surface remains j)lane and oscillates about the minor axis, 

(iii) The next higher mode of the same type is obtained by putting a = 5/2, 

Cg = Cj, 0. 

Then 

10a-^7±4V(«'“2a+ fl), 

X cosh 5 cos 7) + cosh^ (^ + cos^ 7 ) 

In this mode» the minor axis is always a nodal line. With the lower frequency 
there is also a pair of nodal hyperbolas, while with the higher frequency there 
is a nodal ellipse. 

(iv) For modes involving symmetry about the major axis put p ==.0 in (15). 
We have then 

C„-x{n*-i + «(l-<T)} 

+ C„ {-«“(« + 1) — «(« + i) — («M) — o (1 — «) ?} 

+ Cb+i a (n + 1) (w + i) — (23) 

For the lowest mode of this type take <j = 3/2, = Cj = ... = 0. 

Then 

o (a — 1) 9 = <*/4, 
or 

/c* == 2a, ] 

and f (^^^ 

5 a sinh 5 ‘ 

The surface is plane and oscillates about the major axis. 

M 2 
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(v) The next mode of thesame t 3 rpe is obtained from (23) by putting a = 5/2, 

Cj, = Cj 0. 

The surface is 

^cc sinh 5 sin v) (-" + cosh®* ^) (^ + cos® yi). 

'C^ / \Cj ' 

For the lower frequency the nodal lines are the major axis and a pair of 
hyperbolas, w^hilc for the higher frequency the nodal lines are the major axis 
and an ellipse. 

(vi) For modes involving symmetry about both axes we put p ^ in (15). 
We have then 


Cn-l {(” — i) (W + f) + <T (1 - ct) + 1} 

+ C„ {— (a + 1) (k + i)* — (« + i) (i + «) — («/4) — o (1 — o) j) 


+ C„4.i a (n + j) (w + 1) == 6. 


The lowest mode of this type is obtained by taking o = 2 , Cj = Cg 
Whence 


^ac cosh ^ sinh ^ cos yj sin 73 , 
:= 4a — 2. 


} 


(25) 

= 0. 

(26) 


The nodal lines of this type are the major and minor axes. 

(vii) The next higher mode of this type will have the form 

lHoc cosh ^ sinh ^ cos r} sin vj + cosh® + cos® , 

involving as nodal lines the two axes and either a pair of hyperbolas or an 
ellipse according to the frequency. 

§ 7. Conijnrison with the Case of a Ciretdar Basin. 

In the limiting case, when 5o c -*■ 0 in such a way that c cosh 5© 

remains finite, the results just obtained should correspond to those for a circular 
basin. Lamb has shown* that the natural frequencies for a basin of radius r, 
and greatest depth hf, the law of depth being h = (1 — are given 

by the formula 

^=.s(4i-2) + 2j(2i-2), (27) 

s being the number of nodal diameters and — 1 ) the number of nodal circles 
in the mode. 


* “ Hydrodyumioa,” ed., p. 28S. 
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For the limiting form of the elliptical case we have 
and therefore from (5) 


= 1 ct.^% a 

!l 

=. _L e-'f* /l - 

4r* \ 

If) \ 


J- / 1 _ 


16 \ 



showing that the law of depth reduces to Lamb's form, provided we take 


hn —- hn 




IG 


From these 


Eli. 

^^0 




Taking large values of a, we have from (19) for case (i), 

Eli. 




4 or 8. 


(28) 


The lower frequency corresponds to j = 1, == 2— a pair of nodal diameters 

in place of a pair of nodal hyperbolas. The higher frequency corresponds to 
s 0, j Tzzi 2—a nodal circle in place of a nodal ellipse. 

Cases (ii) and (iv) are indistinguishable from one another in the limit, giving 
““ 2. This is the mode a = 1, jf 1, with a single nodal diameter. 

Case (iii) gives y?r^lghQ = 6 or 14. In the circular case, these arise from 
j 1, = 3 and / — 2, 5 — 1 respectively. 

Case (vi) is interesting. From (26) we find in the limit that ^ 4a, or 
X®ro*/j7Ao' “ degenerates to the same form as the lower frequency 

of (28) with a pair of nodal diameters. These diameters are the limiting forms 
on the one hand of a pair of hyperbolas and on the other hand of the major 
and minor axes. 


§ 8. Comparison mth Lonffitifdinal Oscillations, 

The theories of seiche motions in lakes worked out by Chrystal* and Proud- 
manf depend upon the assumption that the oscillations are purely longitudinal 
It is of some interest, therefore, to work out the earlier frequencies for the basin 
of this i>aper on the longitudinal theory and to compare the results, 

• ‘ Trans. Roy. Soo. Edin.,’ vol. 41. Part 3. p. 599 (1905). 
t * Proo. Lend. Math. Soo.,’ vol. 14, p. 240 (1915). 
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If S be the area of the section of the lake normal to the length at a distance 
X from the origin and b be the breadth of the free surface there, the equation 
of the oscillations is* 



From (5) we find 



If we write 


(29) 


p = a2 ^ a, 


equation (29) becomes 




^ ^ ^ dx^ dx 2tghf^ 


(30) 


Assuming a solution SA„x” in the vicinity of x == 0, we find the indices are 
0,1 and the relation is 

K +2 P(« + !)(« + 2) — {y« (n 4- 2) - A„. (31) 


The series is not convergent at the point p/y, or the extremity of the lake, 
unless it terminate. Hence wo must have 


= n(n-h2)(o —l)/c®, (32) 

for some integral value of n. 

The lowest mode is obtained by putting n =s 1. 

Then = 2 (o — 1), exactly as in (21). This result might have been 

anticipated as, since 

^oc cosh ^ COB IQ 
oc®, 

the transverse velocity, which is proportional to dt^fdy, is zero. 

For n = 2, a two-noded vibration, (32) gives 

« ¥ (o - !)• (83) 

* Lamb, “ Hydrodynamics,” p. 2A7. 
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The corresponding result is the smaller value in (19). If we assume a — 1 tac S 
= a small quantity, (10) gives 

6a - 3 - 2 y'(a^ - a + 2) 

Y3 + 0(S2). 

This exhibits the effect of the departure from purely longitudinal motion in a 
iiaiTow lake of this type. 

Similarly, taking the three-noded vibration we have from (.'12) 

^ ^ 10 (a --- 1) = lOS. 

.#0 

The corresponding result (22) gives 

^ =: 10a - 7 - 4 y/{a^ ~ 2a + -f|) 

9"o 

= lOS + 0 (S2). 


The IHrection of Magnetisation of Single Ferromagnetic 

Crystals, 

By F. C. PowKLn, University College of Hull. 

(Communicated by K. H. Fowler, F.ll.S.—Eoceived August 15, 1930.) 

§ 1. Introdu€tio7i, 

The study of the magnetisation of single crystals of ferromagnetic substances 
has shown that there are definite relations between magnetic properties and 
crystalline structure. One of the moat important, the relation between 
the crystalline structure and tlie direction of magnetisation, will be studied 
in this paper. It is well known that on applying a magnetic field to a 
crystal the direction of the magnetisation produced does not, in general, 
coincide with that of the field (here and elsewhere, unless the external field 
is specifically mentioned, the effective field is to be understood). The 
phenomenon has been extensively studied experimentally, but hitherto there 
has been no entirely satisfactory theory. 

A theory, at least partially successful, was proposed by Mahajani,* who 
assumed that the elementary magnets are electron orbits. Owing to their 
♦ O. S. Mahajani, ‘ Phil. Trans,,’ A, vol. 228, p. 63 (1929). 
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magnetic interaction, these magnets possess a mutual potential energy which 
in general depends upon their orientation, and hence leads to deviations 
betweeti the directions of magnetisation and field. In the case of non-cubic 
crystals, it is sufficient to consider the (‘lementary magnets as simple dipoles, 
but in the case of cubic crystals, the dipole energy is independent of the 
orientation of the dipoles, and it bo<tomes necessary to consider the quadrupole 
moments. Mahajani showed that this theory af^coimts qualitatively for the 
various effects observed in iron (with a cubic structure) and pyrrhotite (with 
a non-cubic structure). 

To this theory two objections may be raised. In the first place, Mahajani 
did not attempt to deal quantitatively with the effect in non-cubic crystals. 
Rough calculations have now been made for cobalt, which has a hexagonal 
close-packed lattice, and it is found that the magnitude of the effect, according 
to Mahajani’s theory, is much smaller than that observed. Secondly, it is 
now known that the elementary magnets originate not in electron orbits, 
but iii electron spins, and presumably have no quadrupole moments ; Mahajani 
theory thus fails completely in the case of cubic crystals. 

In this paper it is suggested that the facts may be explained by taking into 
account the magnetic interaction between each electron and the atom to 
w'hich it belongs ; such interaction is known to exist, and gives rise to multiplet 
separation. We suppose that this interaction can be represented by a field 
G, fixed in the crystal, which we call the crysUllimi field. It is assumed that 
G can lie in a number of possible directions which bear simple relations to the 
crystal structure, corresponding to various orientations of the atoms. 

The theory has been worked out only for cases when the applied field is 
great enough to produce saturation and when thermal effects can be neglected. 
Thus, strictly, the theory applies only to 2 ero*temperature ; it may, however, 
be applied as an approximation to ordinary room temperatures. It is found 
that by means of the crystalline field the deviation between the directions of 
the applied field and the magnetisation can be satisfactorily explained in 
both cubic and non-cubic crystals, and that the required magnitude of the 
field is in agreement with that deduced from spectroscopic data. It is hoped 
later to investigate other effects of the crystalline field on magnetic phenomena. 
There is no reason to suppose that the crystalline field exists only in ferro¬ 
magnetic crystals, and it may prove possible to develop a theory of 
paramagnetic crystals at low temperatures on the lines of the theory 
of FoSx,* according to which there are departures from the Weiss law for 
* G. FoSx, * Ann. Physique/ voL 16, p. 174 (1621). 
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the susceptibility. A similar investigation on ferromagnetic crystals 
might help to elucidate the problem of the failure of the Weiss law 
just above the Curie point. 

§ 2. Effect of Crysialline. FiM. 

We have to calculate, the magnetisation at zero toinperature of a crystal 
consisting of 2w atoms, each possessing y effective ele<?troas, taking into 
account the exchange interaction of the electrons, the applied magnetic field 
H, and the crystalline field G. G varies from atom to atom, and it is assumed 
that the atoms may be divided into p equal groups a, 6, ... with the corre¬ 
sponding values G^, G,^, ... for G, the magnitude G being assumed constant. 

The energ}" arising from the exchange interaction is given by’** 

K — — I S Jrs {1 + (Or, O5)}, 

r>9 

where are the spin vectors of the rth and sth electrons, and is their 
exchange energy. When magnetic fields are absent, s, the resultant spin of 
the electrons, is a constant of the motion, and the mean energy E of the 
stationary states of the system with the eigoti-valuo s is given byf 

E ~ ^ • f const., 

2n 

where z is the number of “ nearest neighbours ” of any atom. It is here 
assumed that the exchange interactions between electrons belonging to the 
same atom are much greater than those between electrons belonging to different 
atoms ; and further, that the exchange energy corresponding to a simple 
transposition of a pair of electrons belonging to neighbouring atoms has the 
same value Jq for all such pairs, and is negligible for pairs of electrons belonging 
to atoms which are not closest neighbours. The validity of thes^i assumptions 
will bo discussed later. When the magnetisation is nearly saturated, the 
mean square deviation AE^ of the energy from its mean value E is small, and 
hence the eigen-values of E are approximately the same as those of E. We 
may therefore replace E by E. Assuming that this remains true when magnetio 
fields are present, the energy of the system is 

2n a, ft,... o 

♦ See P. A. M. Diriftc, ‘ Proo. Roy. Soc,,’ A, vol. 123, p. 714 (1929). 

tW. Heisenberg, “Probleme der modemen Phyeik,” Hirzd, Leipiig, p. 114; 
V. C. PoweU, ‘ Phys. Soc. Proo.,’ vol. 42. p. 390 (1980). 
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fin denoting a Bohr magneton. The problem is to find the magnetiBation in 
tlie stationary state of lowest energy. 

Now in dealing with many electrons, vv^e may treat the variables which 
describe the whole system classically. For example, in Heisenberg's* treat¬ 
ment of ferromagnetism, the partition function remains unaltered (to the 
highest order in n) if we replace the double summation, over integral values of 
s and its component by a double integration over continuous values ; the 
quantum and classical partition functions differ only because the statistical 
weights are different. We therefore replace the qtiantimi variable S o by 

a 

the classical vector (2yn jp). and s by iynjp) S 
The energy becomes 



E must be a minimum for arbitrary variations of the vectors etc. First 
consider variations which are subject to 

==. const., = const., etc ,; 


the usual method gives the conditions 

V _ (Xb . . (H-f-G„) + *= 0, etc.. 

2n \p I a,h ,... p 

Xo, etc., being constants. These conditions may be written 


where 


and 


r N^ + H + G„ 
|N? + H + GJ’ 


p a, fe,... 

2g.B {y + 2) |Ab’ 


a> 


T 5 being the Curio temperature. If N is positive and large compared with Q 
and H, each of the constants X^,... is positive. Now make arbitrary variations 
85 b, The variation in E is, using the above conditions, 

8E = ~ 2S Xb (5b. 85b) = - S X. 85a*- 


* ‘ Z. Physik.,’ vol. 49, p. 619 (1928). 
t See F. C. Powell, loc. cit. 
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H E is a miuinmm, 5E ^ 0 for all variations, so that the magnitude of each 
5a must take its maximum value, which is 1. These conditions, together 
with conditions (J ), are equivalent to the statement that each group of atoms 
is fully magnetised in the direction of the resultant of H, G, and a field N5 
which is just the molecular field of Weiss. 

By summation of equations (1), we obtain an equation to determine 5 * 

i N^+H_±G^ 


The resultant magnetisation of the crystal is equal to 2yn\L)^, The 
evaluation of 5 i^ esBcutially different in the cases of cubic and non-cubic 
crystals. 

§ 3. Cubic Crystals, 

In order to evaluate the right-hand side of (2), we write 

ifrlrf I “ priii “ 

where a is written for N5 -f- H, and expand in powers of G, the assumption 
being made that G/N is small. 

Taking axes of reference along the cubic axes, we now suppose that G can 
take up the orientation (p, q, r). The symmetry of the crystal requires that 
G can also take up any of the 48 orientations 

(±P ±? ±r), {±q ±r ±p), etc. 


Each term in the expansion of the right-hand side of (3) must then be averaged 
over these 48 directions. We find 


where 



a + G^ Jai 





(4) 

(5) 


To a sufficient approximation it follows that 

i; = 1 - G»/3N* 


Denoting the vector (yI;,*, y^»*« Y^»®) ^7 P» (4) ^ written 

oc 


(6) 
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(aBBuming y Bmall). Thus — p is parallel to a, and therefore to 5 + H/N. 
But >> H/N, 80 that H/N f p is parallel to 5, or 

f yN!;/ - ^ -i yN^„* = a + yNC,*. (7) 

Equation (f») shows that the saturation value of the magnetisation is reduced, 
while (7) shows that the direction of magnetisation does not coincide with that 
of the applied field. When y > 0, the deviation of the direction of magnetisa¬ 
tion from that of the applied field is always toimrds the nearest cubic axis ; 
when Y < 0, the deviation is away from the nearest cubic axis. The deviation 
vanishes in the direction of the [100], [llOj and [ lllj axes. 

It is interesting to compare equations (7) with those obtained when one 
assumes that the crystal possesses an energy 

+ ( 8 ) 
in addition to the energy in the applied field (an energy term of this form 
is obtained when the elementary magnets possess quadrupole moments). 
We have 

E - ~ 2yn ptB (H, ?) + c 

The conditions for a stationary value of E, subject to 
are 

yn^j, + C/) + XJ;, - 0, etc., 

where X is a constant, whence 

lis j—£_ r * = 5* f. _£_ r a = Ss. _i—£_ r a 

ywiJiB ywfiB C, ynv-B 

These equations are identical with equations (7), provided c~yn|XflNy. 
The direction of magnetisation when a crystalline field is present is therefore 
the same as if the crystal possesses an additional energy of the form (8). 

§ 4. Iron and Nickd. 

This section is devoted to a comparison of the above results with the experi¬ 
mental data for iron (body-centred cubic) and nickel (face-centred cubic), 
the magnetic properties of which have been investigated very completely by 
several workers.* We thus obtain an estimate of the magnitude of the 
crystalline field. 

* Iron; Book, ‘ Duaertation,’ Ztiriob (1918); Webster, * Proe. Roy.Soc.,’ A, vol. 107, p.496 
(1926); Honda and Kaya, ‘ Sci, Hep. TOhokn,’ vol 16, p. 721 (1926), and others. Nickel: 
Sucksmith, Potter and Broadway, ‘ Proo. Roy. 8oc.,’ A, vol 117, p. 471 (1928); 8, Kaya, 

‘ Soi. Rep. Tdhoku,’ vol. 17, p. 689 (1928). 
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NickeL—yfe shall use here the results of Kaya (loc. ciL) who measured the 
components of magnetisation parallel and perpendicular to the external field 
in three oblate spheroids whose equatorial planes coincided respectively with 
the principal planes (100), (130), (111),the field lying in the equatorial plane. 
Measurements were made for both saturated and non-saturated states, but we are 
liere concerned only with the former. I?rom th(ise measurements one can 
calculate (i) the magnitude of tlui resultant intensity in any direction, and (ii) 
the angular deviation between the directions of the resultant intensity 
and the effective fi(dd, 

Kaya found that the magiutude of the resultant intensity was equal in all 
directions (within 2 per (umt.) to the constant value 503 at 20° C. The direction 
of magnetisation in the three principal planes will now be considered. 

(100) P/unc.“ Suppose the directions of the effective field and resultant 
intensity make angles <f>, 4' respectively witli a tetragonal axis. Writing 
(H^, H (cos sin (/>, 0); =: (cos 4, sin 4, 0), equations 

(7) lead to the relation 

sin (<^ — ^4) := yN/4H sin 44- 

For a constant field H, sin (<j4 •— 4) therefore a periodic function of 4 with 
period | 7 r. This is borne out by Kaya's measurements. 

Further, the amplitude of sin ((f> — 4) is given by 

sin {<(> — = IyN/4H|, 


and hence H sin {<f> — 4')max. should be constant. This also is in agreement 
with the experimental data, as is shown by the following table. 


Hi.fr, 

1 8in 

H .siti 

408-6 

^ 0-0S72 

23-4 

601-0 

(>•0470 

240 

606-0 

0-0308 

23-6 


Taking 23 • 7 as the average value of H sin (^ — li'W*., we obtain for yN 

yN=.-94-8 

(the negative sign means that the deviation of the direction of the resultant 
intensity from that of the field is always away from the nearest cubic axis). 
(110) Pktne.—This is the most interesting of the planes, as it oontams all 
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three principal axes. As before, we measure <]; from a tetragonal axis, and 
writing 

(H„, H„, = H (cos ^ sin <f>, ^ sin <f >); 

(*:*. Cy, K,) = (cos <]>, ^ sin ^ sin j 

obtain from equations (7) the relation 

sin (^ — (|/) yN/8H . sin 2t{^ (8 cos 2^/ + 1). 

A comparison of the theoretical and experimental relations between tf> and ^ 
is made in fig. 1. The experimental curve corresponds to an effective field 
of 296*3 gauss, and the theoretical curve is drawn for yN equal to —94*8 (the 
value which was found for the (100) plane). The agreement is satisfactory. 
In making comparisons between theoretical and experimental results, it 
must be remembered that the theory itself is not exact, as we have neglected 
all but lowest powers of G in applying equation (2), and the errors in our 
approximate formulae for the deviation {<f> ~~ ij;) may easily amount to as 
much as 10 per cent, of the maximum deviation under the same field in the 
(110) plane. 



Fio. 1.—Direction of Magnetisation in (110) plane in Nickel. . , theoretical curve; 

-^ experimental curve. 

(Ill) Plane.—1% is clear from equations (7) that if H lies in the plane, the 
resultant intensity does not. The demagnetising effect therefore modifies 
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not only the magnitude, but ako the direction of the effective field. In this 
case a more elaborate treatment is necessary, the simplest being that adopted 
by Mahajani (/oc. cit.) which regards the demagnetising force as constraining 
the resultant intensity to lie in the plane. The energy must then be made 
stationary, subject to the additional condition 

4 “ ^ 

It is then found that there is no deviation between the directions of the effective 
field and the resultant intensity. 

Kaya actually found a periodic deviation with period 60°, but the amplitude 
was very small, being less than 4 per cent, of the maximum deviation under 
the same field in the ( 110 ) plane, and for the reasons stated above, differences 
of this magnitudo between experiment and theory are not serious. 

Inm.—The experimental results for iron are similar to those for nickel, and 
the agreement with theory is equally satisfactory A detailed examination 
has already been made by Mahajani. There is one important difference 
between the two cases ; whereas in nickel the deviation of the magnetisation 
from the direction of the field is always away from the nearest cubic axis, in 
iron the deviation is always towards the nearest cubic axis. This results in 
yN having opposite signs in the two cases. Using the results of Honda and 
Kaya (Hoc. cit.) we find 

yN == + 313. 

Magnitude of Crystalline Field .—The magnitude G may now be roughly 
estimated from equation (5), assuming values for (jp, q, r). The most likely 
values for the orientation (p, q, r) are :— 

(1. 0, 0), giving Y = - I • I,, 

(1/-V/2. l/\/2, 0), giving y = + ^ 

(1/V3, 1/^3. 1/^3). giving Y = + 5 • I*- 

For nickel, y <0, making the orientation (1, 0, 0) appear probable. Taking 
y = 1, T, = 645° K., we then obtain for G 

G = 5*6 X lO® gauss. 

For comparison, the molecular field which is equivalent to the exchange 
interaction is 


N = 9'6 X 10® gauss. 
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For iroUj y > it is not clear which orientation ought to be taken. 

Taking the orientation (l/\/2, l/\/27o), ^ 3, — 1047'’ K.. we obtain 

G 1 -05 X 10® gauss ; 

taking the orientation (l/V*!, 1./V3, l/Vi), we obtain 

G = 8*2 X 10“ gauss ; 

and for comparison, 

N == 9*3 X 10® gauss. 

It is convenient to discuss hero the various assumptions which have been 
made in the course of the calculations. In § 3 it was assumed, purely for 
convenience in the matliematics, that G/N is small. This assumption is 
consistent with the above numerical values, from which G/N is seen to 
be about 1 /lO. 

In § 2 we made the assumption, upon which Heisenberg’s treatment of a 
ferromagnetic substance possessing more than one effective electron per atom 
rests entirely, that the ex(5hange interaction between electrons in the same 
atom is much greater than that between electrons in different atoms. The 
exchange interactions between the electrons of an atom give the energy 
separations between different multiplet states arising from the same orbits, 
and these separations are assumed large in order that all the atoms may remain 
in the same Z, s state. In order to justify the assumption we must know the 
energy levels of au atom in a crystal, but, in the absence of these data, we may 
perhaps use the data relating to single atoms which are obtained from spectro¬ 
scopic measurements. Consider, for example, iron, the lowest levels of which 
are given below, th(? term values being counted upwards from the lowest 
known level. 

Terms of Fe (H. N. Russell) ♦ 


Typo .' 

j »D. 


»F. 

»F. 

Torm . j 

i 

1 

0—878 

i 

1 

i 

6928—8165 

11976—12969 


We may neglect all but the states provided that the energy difference 
between the ground state and the lowest ®F state is large compared with 
or cAAv/ATp is large compared with I. Taking Av equal to 6928, we obtain 
for cAAv/A:Tfi the value 9-6, In a crystal the electron orbits will be con- 

♦ ‘ Astrophys. J./ vol. 08, p. 161 (1928). 
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siderably modified, so that the actual numerical term values above are of no 
significance ; nevertheless, the above and similar data for Fe*^, cobalt, and 
nickel show that the separations between different multiplets are usually 
sufficiently large to allow the neglect of all but the lowest multiplet, and it 
seems reasonable to suppose that this is the case for atoms in crystals of iron, 
cobalt and nickel. 

Finally, we have supposed that the crystalline field G represents the (h) 
interactions of the atoms in the crystal. We must investigate whether this 
interaction can account for fields of the magnitude we require. For Fe, the 
separation Av between the terms ^D 4 and ^D 0 is 978 wave-numbers, indicating 
the presence of a field of cAAv/ 8 (jlb gauss, or roughly 2 X 10® gauss, which is 
about twice as large as the field we require. The (k) interaction is therefore 
adequate to account for the crystalline field. It is not surprising to find that 
the (fe) interactions are smaller for atoms in a crystal than for single atoms, 
since the outer orbits will be increased in si^e (owing to the presence of neigh¬ 
bouring centres of force) and the (fe) interactions correspondingly decreeised. 


§ 6. Non-Cubic Crystals, 

In order to evaluate the right-hand side of (2) for non-cubic crystals, we 
adopt the same procedure as in the case of cubic crystals, expanding the 
summand in powers of G. Assuming that 6 can take up the orientations 
± (?«. So. »■.). ± (Pb. »■»). etc., we find that 

^ (i - i I + 41 (P«.’ + ««.' + »«.■)} - px' + “ 

where « = N? + H, and P = = average value of p*, p,* ; Q = ; 

Denoting the vector 

/Gf Pa^ Gf Qo^ 

'N* ' a ’ N** ’ a ’ N* a / 


by p, we see that ? -(- P is parallel to a, and therefore to ^ + H/N, so that 
H/N — P is parallel to 5. or 
H, G» 


N 




(9) 


C* 'ty 

These equations may be compared with those obtained when*one assumes a 
molecular field 

((N + N,) C,, (N + N,) i:,. (N + N,) C,). 

▼ot. caacx.“-A. 


N 




Thufl the effect of the crystalline field ifl precisely the same as the effect of the 
additional molecular field which Weiss postulated in order 

to explain the deviation between the directions of the field and the magnetisation 
in pyrrhotite. 

Dipole Energy .—In dealing with non-cubic structures, the dipole energy 
must also be taken into account, since it is dependent upon the orientation of 
the magnetisation. The question arises whether the ordinary classical methods 
of calculating the dipole energy of a system of electrons remains valid in the 
quantum theory. In a stationary state cf the system, the resultant spin a has 
a definite numerical value, but it is not in general true to say that the spins 
of the electrons set themselves parallel or antiparallel to the field ; one cannot 
give any meaning to the direction of spin of an individual electron. But it 
may be proved that in the particular case s == yw, all spins must be parallel 
to some direction, and may then be treated as parallel vectors. Thus when 
the magnetisation is saturated, the classical method of treatment remains 
valid. One ought, of course, to treat an electron not as a dipole situated at a 
lattice point, but as a Schrodinger distribution of dipoles. But when an 
electron is in an S-state, it is exactly equivalent to a dipole at the lattice point, 
and probably no serious error is introduced in making this simplification in 
every case. 

Now consider a system of 2n dipoles, each of strength oriented in the 
direction The dipole energy of the system is of second degree in 

and by suitable choice of axes can alwa 3 rs be reduced to the form 

E, - - yniXB + P^*). 

When there is cubic symmetry, F,, and F, are equal and is independent 
of the orientation, a result which was tacitly assumed in treating cubic crystals. 

The average force at a lattice point due to the dipoles at the remaining 
lattice points is (F*!^, Fg^), so that the effect of dipole interaction is 

the same as that of an additional molecular field ^F«Ci, Fs^)* 



(OOOI)“plane 
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Dipole interaction and the oryatalline field are together equivalent to an 
additional molecular field (NjC*, NgO> 'with 

N, = F,-G*P/N; N 2 = P,-G*Q/N ; Na = F.-G*E/N. (11) 

§ 6 . C<Mt. 

In this section it wUl be shown that equations (10) and (11) are adequate to 
account for the phenomena observed in cobalt. A comparison of equations 
(10) with the experimental magnetisation curves enables Nj, N,. N, to be 
determined. The quantities F*, F,, F, ate 
then calculated, and an estimate of G 
obtained from equation ( 11 ). 

At room temperatures, cobalt has a 
hexagonal close - packed lattice. Kaya* 
measured the magnetisation in two circular 
discs cut in the principal planest ( 0001 ) and 

(lOlO). [0001] was found to be an axis of ,-, 

easy magnetisation, (0001) a plane of diffi- irio.2.-Tho Hexagonal Oloee-piwked 
cultmagneHsation. The saturation intensity 

was 1422 at 26® C. . > » i. 

Taking [0001] as the *-axis, we have at once, from consideration of symmetry, 

that Ni is equal to Nj,. „ i 

(lOlO) Plone.- - Let H act in the plane of the disc, and suppose H, ^ make 

angles + with the axis [0001]. Equations (10) then give 
H sin f<i - <];) = (N. - N,) sin <}/ cos <Ji. 



A comparison is made with the experimental curve in fig. 3. The theoretical 
curve is drawn with N 3 - N, equal to 6-8 X 10»; the experimental curve 
corresponds to a constant efiective field of 9016 gauss. The lag of the experi¬ 
mental curve behind the theoretical curve is probably due to hysteresis. 

(0001) Plone.-Since is equal to N„ the deviation ^ + ought to vanish. 

This is in agreement with the experiments of Eaya, who found that the 

component of magnetisation perpendicular to the field was so small that no 

regular variation could be observed. 


] »(MOD,. <«. rf M- 
prkm by (lOlO). (0001) and (lOFO) intorseot in the axis [1010], and have normals ( 
and [IISO] reapeotively, e. fig. 2. 

If « 
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Fig. 3.—Direction of Magnetisation in (lOlO) plane in Cobalt. " , theoretical onrve. 

-, experimental cnrve. 


The. phenomena are accounted for completely by means of a molecular 
field with 

; Ns-Nj^C-S X 10>. 

Magnitude of Crystalline Field .—It is first necessary to calculate F*, F,„ 
and F,. F,,, it will be remembered, is the a;-component of the field at a lattice 
point due to the dipoles at the remaining lattice points, these dipoles being 
orientated in the direction of the x-axis. 

Now if U is the magnetic potential due to unit poles placed at the lattice 
points, then 

T, a*u . 

and therefore 

F. + F, + F. = 0. 

In the case of cobalt, we have further 

F* = P^ 

It is therefore necessary to calculate only one of the three quantities F„ F,, 
P,. The others may be found by using the last two equations. 

Referring to fig. 4, the sides of the unit cell in the lattice of cobalt are* 

o = 2-614 X 10-«cm. 
c = 4-106 X 10'® cm. 


• Int. Grit. Tables (1926). 
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We have attempted to estimate F* roughly by direct summatiou for all atoms 
withiu distance 3a or less (this includes about 160 atoms). Taking dipoles 
of unit strength, the component along Oz of the field 
at a lattice point is found to be 4-2 X 10*' gauss. 

For dipoles of strength 2piB, the force is given by ^ 

F, ^ 77 gauss, i 

so that F* = F^ — 38 gauss. The dipole inter- 1 

) 1 

action is therefore equivalent to an additional 
molectilar field with 

Nj, - N, = F, - F, ^ 10* gauss, roughly. ^ 

This is only 1/G8 the field required in order to 

account for Kaya’s results. The estimate of Fj is, of course, very rough, and 
may be in considerable error. But it seems quite certain that dipole inter¬ 
action can account tor only a small fraction of the additional molecular field. 

We can now estimate tlie order of magnitude G. Taking y T^, — 1404® 
K., wc obtain from equations (11) 

1> Q ; (P ^ R)G*=:- 1*03 X 10". 


(P — R) is greatest when R vanishes (t.e., when G lies in the (0001) plane); 
the value of P — R is then 1/2. G must therefore be at least 4-5 x 10® 
gauss ; roughly speaking, G is of the order of 10® gauss. Wc have already 
found that (Is) interaction is adequate to account for fields of this magnitude. 

Thus the observed deviation between the direction of magnetisation of a 
Singhs crystal of iron, cobalt, or nickel and the direction of the applied field 
can be accounted for by taking into account the magnetic interaction between 
the effective electrons (i.e., the electrons whose magnetic moments contribute 
to the magnetisation of the crystal) and the atoms to which they belong. 


I wish to express my thanks to Mr. R. H. Fowler for suggesting this 
investigation, and for his interest and encouragement during its progress. 
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Energy Losses of Electrons in Carbon Monoxide and 
Carbon Dioxide. 

By Erik Rudberg, Nobel Institute, Stockholm, Sweden. 

(CoHiiDunicsted by 0. W. Richardson, F.R.S.—Received September 16, 1930.) 

Introduction. 

In a previous paper published in these ‘ Proceedings ’* a report was given 
of some measurements on the energy losses suffered by electrons in nitrogen 
at pressures sufficiently low to ensure that practicaUy only single collisions 
would take place. Electrons of homogeneous speed drawn from a hot cathode 
were fired through the gas and the velocity distribution in the emergent beam 
subsequently analysed by a combination of one longitudinal and one transversal 
electric field, the latter of a kind which would give refocussing of a slightly 
divergent incident beam at the entrance slit of the electron detector.f The 
two most prominent characteristic energy losses observed in nitrogen were 
shown to be associated with energy levels known from the absorption spectrum 
of the nitrogen molecule in the far ultra-violet. The present investigation is 
an extension of this work to the two gases carbon monoxide and carbon dioxide. 
The former of these two was chosen as a t}rpical diatomic gas, the energy 
levels of which are now fairly well known through the work of several investi¬ 
gators in recent years. Carbon dioxide was studied in addition to this, in 
view of the possibility that traces of this gas could have been formed from the 
carbon monoxide in contact with the hot cathode in the experiments with the 
latter gas. The experimental arrangements romained essentially the same as 
in the case of nitrogen. The tube was the one described in the previous paper 
referred to. The primary slit of sheet copper, which had been contaminated 
by mercury in the meantime when the tube was left standing without cooling 
the traps, was now replaced by a similar slit made of sheet silver. The cathode 
was coated with a mixture of barium and strontium oxides. As in the case 
of nitrogen all measurements were made with the gas continuously flowing 
through the apparatus, the pressure readings referring to the conditions in 
the tube through which the gas was admitted to the collision space. 

• Rudberg, ‘ Proc. Roy. fSoo.,’ A, vol. 129, p. 628 (1930). 

f Hughes and Rojansky, ‘ Phys. Rev.,’ vol. 34, p. 284 (1926); Hughes and McMillen, 
ibid, vol. 34, p. 291 (1929). 



Energy Losses of Electrons. 


18S 


Carbon Monoxide. 

Carbon monoxide was prepared from sodium formal and concentrated 
sulphuric acid.’*' A sufficient amount of pure formate was contained in an 
evacuated bulb connected to the pump through an all-glass line comprising 
a tube with caustic potash, wash bottles with concentrated sulphuric acid and 
a large storage flask, permanently attached to a phosphor-pentoxide tube. 
After evacuation sulphuric acid was slowly admitted and the whole system 
washed repeatedly with the gas formed before the product was stored. Before 
being admitted to the collision apparatus through the capillary leak, the gas 
was dried further by passing it through two more phosphor-pentoxide tubes. 
The pressures used ranged from 7 X 10^® to 62 X 10"® mm. in different 
experiments. The dulUemitting cathode layer was found to be very stable in 
the presence of this gas, much more so, in fact, than in the case of nitrogen. 
Consequently the thermionic emission could be kept very constant in the 
course of a run. Blank tests were measured as usual to distinguish maxima 
due to inelastic scattering from the electrodes from the effects of collisions 
in the gas. All measurements included in the following table were obtained 
using the method of varying the retarding electric field with the deflecting 
voltage kept constant, as previously described. 

Some typical curves are shown in fig. 1. All the curves obtained with this 
gas are remarkably steady, the general appearance as well as almost all the 
details being rather well reproducible in the different runs using different 
pressures and voltages. It is true that the bombarding voltage has not been 
varied between such wide limits in the present experiments as in the work on 
nitrogen, but a glance at Table I of the present paper will show that the 
position of the maxiixia is independent of the primary voltage also in the present 
case. In this work the voltage was mostly so chosen as to yield a suitable 
current to the electron collector and at the same time a good resolving power. 
The energy values (in volts) corresponding to the several maxima in the 
distribution curves are listed in Table I, together with the values of pressure 
and voltage in each case. The total emission from the hot cathode, kept 
constant during the whole time that a series of readings is being taken, was 
36*6 X 10"® amps, for all measurements included in this table. 

The most conspicuous feature of the curves obtained from the blank runs 
is the near 6*5 volts. In the curves with gas present in the tube 

this maximum often exhibits a remarkable change in relative intensity from 


♦ Guye, Sttthlew Handb. Arbeitsmethoden anorg. Chem./ vol. 4 , p, 89 (1926). 
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one series to the other, which is not directly related to differences in bombarding 
voltage or gas pressure, but rather suggests that the appearance of this mazi> 
mum depends, at least to some extent, on the relative position of the cathode 



with respect to the perforated platinum screen and entrance slit S^. This 
maximum, therefore, is not to any appreciable extent due to collisions of the 
electrons with molecules of the gas. The first maximum at 6‘3 volts has only 
been observed in comparatively few cases. The corresponding runs were 
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Table I.—Carbon Monoxide, 


No. 1 Voltage. 


P* 

xlO-» 



Current 35*6 x 10"** ampa. 



Vv 


32 

1 69-8 

40*3 


6*60 

8*30 

11*30 

13*60 

16*70 


26 

! 72-7 

28'2 


0-20 

8*15 

11-00 

13-36 

16*90 

22-06 

27 

76*5 

39-8 

— 

6*46 

8*26 

11*25 

13*30 

16*70 

22*25 

21 

1 81-2 

41*2 

— 

6*60 

8*20 

11*16 

13-26 

16*56 

21*85 

28 

' 83-0 

38*2 

— 

6*60 

8-30 

11*20 

13*26 

16-66 

22*36 

33 

1 83-6 

39*3 

— 

— 

8*10 

11*10 

13*20 

16*80 

21*86 

29 

1 86-7 

1 36*9 

— 

6*36 

8-10 

11*00 

13-00 

16*60 

21-70 

34 

i 87-9 

i . 34*4 

4*90 

— 

8*06 

11*00 

13-10 

16*96 

_ 

36 

89-9 

14-8 

5-40 

— 

8*20 

11*26 

13*26 

16-95 

— 

35 

900 

33*3 

5*50 

; 6*36 

8-16 

11*10 

13-10 

16-80 

21*96 

30 

90-0 

34*4 

— 

6*35 

8*25 

11*10 

13-06 

16-76 

21*80 

18 

91*0 

41*5 


6*70 

8*30 

11*30 

13-26 

16*40 

21*66 

37 

! 93-8 

7-2 

5-65 

1 6*40 

8*00 

IMO 

13-30 

17-16 

22-40 

38 

; 93-8 

12-8 

6-40 i 

6-06 

8 X 6 

11*16 

13*45 

16*86 

_ 

39 

93*8 

210 1 

4-96 

— 

8*30 

11*10 

13*20 

16*80 

21*95 

40 

93'8 

37'2 

— 

6-45 

8-06 

10*90 

13*20 

16*66 

21*80 

41 

i 93*8 

62-3 

— 

— 

8*15 

11*16 

13*25 

16*76 

21*70 

31 

! 94*0 

32-8 

— 

6*35 

8-26 

11*20 

13*16 

16*66 

21*90 

23 

1 94'9 

34*6 

— 

6*46 

8*20 

11*10 

13*15 

16-66 

21*70 

22 

1 971 

1 38-5 

— 

6*40 

8*30 

11*30 

13*26 

10*46 

21*76 

19 

( 101*3 

1 39*1 

— 

6*65 

8*40 

11*40 

18*40 

16*70 

21*96 

24 

107*0 

1 32*5 

— 

6*60 

8*35 

11*40 

13*40 

16*76 

21*96 

20 

j ni '3 

i 36 0 

— 

6*70 

8*35 

11*40 

13*30 

16*66 

21*80 

25 

! 114*9 

30'7 

— 

6*50 

8*30 

11*30 

13*20 

16*40 

21*76 

17 

j 122*3 

i 34-1 

.. 

-•** 

6*35 

7*80 

11*10 

13*15 

16*80 

— 

Mean . 

5*30 

6*44 

8*19 

1 M 7 

13*24 

16*72 

21*90 


taken in succession, as will be seen from the numbers in the first column of 
Table I, Moreover, the humps in the curves at this voltage were always very 
small and the maximum usually difficult to locate. All this makes it appear 
unlikely that this feature could represent anything characteristic of the carbon 
monoxide molecule. Although this maximum could not be discovered in the 
blank runs, it does not appear impossible that it could be due to some type of 
inelastic collisions with the electrodes. There is a maximum at 4-6 volts in 
the curves for the electrons scattered from an incandescent silver target, 
which I obtained in an earlier investigation.* This is a good deal lower than 
the value here obtained ; it is, of course, possible that the present maximum 
is a blend, but it is altogether too weak and diffuse to warrant any further 
discussion of the possibilities in this respect. 


Carbon Dioxide, 

This gas was prepared by heating sodium bicarbonate in a long evacuated 
glass tube.f connected by glass tubing to the evacuated storage flask as in the 
* Rudberg, * Proc. Roy. Soc.,’ A vol. 127, p. Ill (1930). 
t Moser, “ Die Reindaratellmig von Goeen,” p. 113, Stuttgart^ 1920. 
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case of carbon monoxide. For the purpose of removing the water vapour 
formed, the gas was passed over calcium chloride, through a couple of wash 
bottles containing concentrated sulphuric acid and finally through a tube with 
phosphor-pentoxide. 

Unlike carbon monoxide, the dioxide gave very much trouble when it was 
tried to run an oxide-coated cathode in the presence of the gas. Great 
difficulties were experienced in trying to keep the emission from the cathode 
steady* Sudden large changes in the current frequently occurred without 
any apparent cause. For not too high bombarding voltages, however, I 
found that this unsteadiness could mostly be avoided, if the content of barium 
oxide of the coating was reduced. Even when this was done and great care 
was taken not to overheat the foil, the active deposit would seldom last for 
more than two curves, after which the tube had to be opened up, a fresh coating 
applied and the cathode re-insertcid and adjusted in a line with the slits. To 
avoid that conditions wo\ild alter too much in the course of a single series of 
measurements, both pressure and bombarding current were kept as low as 
possible. For the same reason, the voltage range covered is only from 74 to 
106 volts. 


CO2 



Fia. 2. 
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Owing to the experimental difficulties mentioned, the results for carbon 
dioxide are not as good as in the case of the other gases. The main features 
of the distribution curves, however, have been reproduced in most of the 
measurements. Thus the maximum close to 13 volts is the most conspicuous 
one in all the curves. Typical curves for carbon dioxide are shown in fig. 2. 
The energy values for the maxima in the measured curves have been collected 
in Table II, together with data for primary voltage, pressure and bombarding 
current in each particular case. 


Table IL—Carbon Dioxide. 


No . 

Voltage , j 

i 

p - 

X 10 -». 

Current . 

Xl 0 -‘ 

V ,. 


V ,. 

V .. 

V .. 

V .. i 

V ,. 

70 

74-7 

1 

176 

35-0 



7-36 

8-16 

1005 

12-70 


69 

78-7 

17-7 

36-6 

5-60 

_ 

7-36 

8-40 

11-46 

12-60 

16-30 

71 

81*2 

16*7 

36-6 

600 

6-30 

7-66 

8-60 

11-46 

12-96 

16 70 

63 

81‘2 

16-0 

36-0 

— 

6-10 ! 

— 

— 

11*06 

12-46 

15-80 

68 

83 * 1 

18-6 

35-6 

6>86 

— 

— 

— 

11-40 

12-80 

16-36 

63 

63*3 

15*3 1 

36-0 

400 

— 

7-00 

— 

11-30 

12-66 

16-80 

72 

84*9 

17-3 

360 

- -- 

— 

— 

— 

11-60 

18-45 

16-00 

07 

86-2 

i 19*2 ! 

36-6 

— 


7-00 

— 

10-76 

12-45 

15-70 

69 

668 

17-2 

7-83 

6-16 

6-40 


8-30 

10-90 

12-35 

16-36 

64 

87-4 

16-1 

36-6 

1 6-00 

— 

7-00 

— 

11-30 

12-90 

16-66 

61 

87-4 

16-0 : 

36-6 

— 

6-20 

— 

— 

10-40 

12-66 

16-65 

61 

87-9 

23-2 

7-83 

— 

— 

7-36 

— 

11*56 

18-46 

16-00 

00 

88-5 

16-9 

7-83 

6-66 

— 

— 

.— 

11-20 

13*20 

16-70 

73 ; 

890 

24 0 

36-6 

606 

6-60 

7-20 

8-66 

11-06 

12-80 

16-36 

62 ' 

900 

21-7 

7-83 

6-45 

6-70 

—, 

— 

11-10 

12-86 

16-80 

74 

92-3 

23-4 

36-6 

4-70 

6-40 

— 

8-70 

1 M 6 

12-90 

16-86 

66 

96-2 

23-2 

36-0 

6-80 

6-86 

— 

— 

11-26 

12-95 

16-66 

66 

96-3 

19-8 

36-6 

6-20 

6*60 

— 

8-25 

11-00 

12-95 

16-10 

68 

961 

20-6 

7-83 

— 

0-36 


8-40 

11-00 

13-05 

16-70 

56 

97-3 

21-4 

36-6 

— 

6-66 

— 

— 

11-45 

13-06 

16-10 

67 

990 

21-0 

86-6 

— 

6*40 

— 

8-26 

11-20 

12-80 

16-80 

64 

101*8 

20-0 

7-83 

I — 

6-66 

— 

8-60 

10-95 

13*16 

15-76 

66 

106*7 

i 19-6 

7-83 

j 6-70 

— 

— 

8-06 

11-46 

13-46 

16-00 

56 

106-7 

i 20-7 

36-0 

j — 

6-66 

— 

8-70 

11-36 

13-30 

16-10 

Mean . 

5-24 

6-47 

7-28 

8-41 

11-22 

12-91 

16-87 


It is obvious from those figures that the individual deviations from the mean 
value ore larger than m the case of the two gases previously investigated. This 
is undoubtably due to the considerable experimental difficulties in the case 
of carbon dioxide, which have been mentioned above. A considerable part 
of the latitude in the determination of the various maxima results from 
irregular changes in the zero of the voltage scale, i.e., from shifts in the position 
of the primary peak produced by the direct beam of electrons. Such shifts 
were mostly clearly indicated, when the zero was checked at the end of a run, 
and it was sometimes difficult to kiiow how to correct for this change. It is 
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evident that changes in the contact potential of the electron source with 
respect to the slit system usually occurred, as the emitting cathode depowt 
was consumed in the discharge. 

The 6*5 volts maximum appears strongly in the curves obtained in the 
blank experiments. There is also evidence of the maxima close to 6 and 7 
volts in these curves, although the indication of the 7-volt maximum is somewhat 
faint. It is obvious that the strong 6 *6-volt maximum is identical with the 
maximum found at the same position in the work on nitrogen and on carbon 
monoxide. The rather broad and not very well defined 6 volts maximum 
checks with the corresponding maximum from Table I; the surprisingly good 
agreement is largely accidental. From the present blank runs it is evident 
that the appearance of this maximum has nothing to do with electron collisions 
in the gas. It seems most probable that the same is true in the case of the 
faint 7 volts maximum, found in some of the measurements listed in Table 11. 


Discussim^ 

To facilitate the discussion of the results obtained the mean values from 
Tables I and II have been collected in Tables III and IV, together with the 
number of curves showing the maximum in question, the computed average 
error in each single determination, the probable origin of each maximum and 
the interpretation, discussed below, in such cases where a comparison with 
spectroscopical data or critical potential determinations has been possible. 
The position of each maximum is given both in volts and in wave-numbers, 
; the reasons for representing the uncertainty in the tabulated mean 
values by the average error of a single determination, rather than by the com¬ 
puted error in the mean value, have been discussed in connection with the work 
on nitrogen. 

Table III.—Carbon Monoxide. 


' 

V». 

V,. 

V.. 

V.. 


V,. 

V,. 

Ko. of deienmnatioBs 

6 

20 

25 

25 

25 

25 

20 

Average error, volts. 


±0*16 

±013 

dtOU 

±0*13 

±0-18 

±0*22 

Maximum, volts. 

5*30 

6*44 

8*19 

11-17 

13*24 

16*72 

21*90 

Maximum, om.-^ . 

42,963 

52,205 

66,891 

90,647 

107,328 

135,538 


Origin . 

Interpretation . 

app. 

1 

app. 

CO 

A(0) 64,765 
A(l) 66,247 
A(2) 07,695 
A(3) 69,108 

00 

B(0) 86,929 
B(l) 89,011 
0(0) 91,923 
0(1) 94,056 
S(0) 92,928 

CO 

G 106,266 

CO 

A'(0) 135,312 
438 

AID 136,867 
992 

CO 

v,+v. 
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1 

V.. 1 

V.. 

1 

V,. 

V,. 

V.. 

V,. 

V,. 

No. of determinations . 

13 

14 

8 

12 

24 

24 

23 

Average error, volts. 

±0-60 

iO-20 

1 i:0-21 

i0*22 

±0*28 

±0*32 

±0*36 

Maximum, volts. . 

6'24 

6-47 

7*23 

8-41 

11*22 

12*91 

15*87 

Maximum, cm."^ . 

42,477 

! 62,448 

1 68,609 

68,174 

90,963 1 

104,652 

128,647 

Origin . 

app. 

app. 

app(?) 

00, (?) 

CO, 

CO, 

CO, 

Akesson (volte) . 

— 

1 6H 

— 

— 

— 

— 

— 

Lohner (volte) . 


«*3-e-8 
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I think that it is fairly obvious from the curves reproduced in figs. 1 and 2 
and from the tables, that the results obtained for the two gases studied are 
distinctly different. Further, with the method adopted in which fresh gas 
is being pumped through the collision chamber continuously during the 
measurements, the chance for any possible new products formed to accumulate 
in the apparatus must be very small. It is therefore believed that the energy 
distributions for the scattered electrons which have been obtained are actually 
those characteristic of the gases introduced into the collision space. 

In the case of CO critical potential measurements by Mohler and Foote,♦ 
using the method of Hertz, were interpreted by these investigators as showing 
characteristic energy losses of 6*0 and 8*0 volts. This would correspond to 
the excitation of the levels now usually denoted a and A, the initkl states of 
the Cameron bands and the fourth positive carbon group, respectively. These 
and the other levels of carbon monoxide known at present are shown in fig. 3. 
The electronic levels for CO^ have been included at the top of the diagram, in 
such a way that the position of each level measures the energy of that particular 
state with respect to the normal state of the neutral molecule. Only such 
vibrational levels as are of interest for the present discussion have been drawn. 
The singlet system for the neutral molecule falls to the right in the figure, the 
triplet levels are shown to the left, A number of hitherto unclassified levels 
have been arbitrarily arranged between these two systems. The data for the 
positions of the levels are taken from the tables by Birgesf which have been 
confirmed by several later investigators.The minimum potential difierences 

» * Fhy». Kev.; voJ. 29, p. HI (1927). 

t ‘ Phys. Kev.,* vol. 28, p. 1H7 (1926); ‘ Int, Grit. Tables,* vol. 6, p. 409 (1929). 

X Johnson and Asundi, * Proo. Koy. Soo.,* A, vol. 123, p. 660 (1929); Asundi, ibid., 
vol. 124, p, 277 (1929); Her»berg, ‘ Z. Physik/ vol. 52, p. 815 (1929); Estey, ‘ Phys. Bev.,’ 
vol. 36, p. 309 (1930); Headrick and Fox, ibid., v6l. 36, p. 1033 (1930); Kaplan, ibid., 
vol. 35, p. 1298 (1980). 
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i«qaired to excite the variouB spectra corresponding to transitions between 
these states have been experimentally determined by DuSendaok and Fox* 
and also by Hepburn, j 

The positions of the maxima in the distribution curves of the present investi¬ 
gation have been marked ofi to the extreme right in fig. 3 from the data of 



Fio. 3. 


* ' Nature,’ vol. 118, p. 12 (1926) and ‘ Astrophys. J.,’ vol. 6S, p. SU <1927). 
t ‘ PhyB.lR«v.,’ vol, 29, p. 212 (1927). 
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Table III. Only values which are believed to be characterktic of the gas 
studied are shown. As indicated in Table III, the maximum is attributed 
to electrons which in their passage through the gas have suffered two inelastic 
collisions, one with a loss V 3 and the other with a loss V 5 . The position of the 
V 7 maximum is in reasonable agreement with this interpretation, considering 
the broad appearance of this hump in the curves. Double collisions should 
not occur very frequently at the pressures employed, and only the most common 
energy losses could contribute to this effect. The two maxima Vg and V 5 are 
by a good deal the strongest ones observed. Furthermore, it appears that the 
relative magnitude of the V 7 maximum increases with pressure ; the maximum 
is best developed in the curve for the highest pressure used. No. 41 (fig. 1 ). 
If this interpretation is correct, one would expect to find evidence in the 
distribution curves also of the double collisions Vg + Vg and V 5 + Vg. There 
is some indication, in part of the curves, of a very broad and low maximum in 
the region which should correspond to the latter process; this indication of 
a maximum appears to behave in the manner to be expected, when the pressure 
is increased (compare fig. 1). Two Vg collisions would produce a maximum 
almost exactly in the same position as the maximum Vg observed. It seems 
fairly certain that such a process contributes to the latter maximum, but 
there are several circumstances which make it unlikely that double collisions 
could be entirely responsible for this maximum, or even for a large part of it. 
The relative size does not change with pressure. A little consideration shows 
that the Vg maximum must be much stronger than V 7 , although the proximity 
to the strong maximum Vg tends to make the corresponding change in the 
curve small. It seems, therefore, that Vg is due to some kind of single collision. 

Returning to fig. 3, one would expect that the transitions resulting at the 
impacts of electrons with CO molecules would preferably take place from the 
normal X-state to the other singlet states A, B and C. It is true that some of 
the triplet series have been found in absorption and some of the corresponding 
levels excited at the calculated voltage. In the latter case, however, the 
efficiency appears to be small at low pressures. Thus Duffendack and Fox 
{loc. dL) report that the intensity of the Cameron bands (a-^X) was too 
small to permit them to determine the excitation potential. Herzberg,^ 
who used an electrodeless discharge for excitation, states that these bands are 
veiy weak. However, Mohler and Foote (loc, cit,) observed an energy loss 
corresponding to this level The reason for these apparently somewhat con¬ 
tradictory results is not obvious ; Mohler and Foote used pressures from 0-1 
* ‘ Z, Physik,* vol. 62, p. 816 (1020). 
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to 0*7 mm. In the present work no maximum has been found conesponc&ig 
to this level. 

The strong maximum V3 is attributed to the excitation of the first innglet 
state A, On the basis of the Franck-Condon* jmnciple, the vibrational levels 
of this state which are most likely to be excited at an election impact can be 
found, assuming that the initial level of the molecule hit is one of vibrational 
quantum number e = 0, since the temperature of the gas was scarcely very 
different from room temperature. In fig. 4 are drawn potential energy carves 
for some of the different electronic states of the neutnd and the siii^ly ionued 
carbon monoxide molecule, and the corresponding vibrational levels. The 
shape of these curves corresponds to the general function given by Morse,f 
and the constants used in calculating the curves are those computed by him 
from band spectroscopical data. The nuclear separation r^, corresponding 
to the lowest point of the energy curve, is known from a rotational analysis 
of bands; the value adopted for the normal X-state was recently given by 
Snow and RidealJ from infra-red investigations, and coincides with the r, 
value, which has been calculated by Morse using an empirical formula {loc. 
oU.). The vertical distances between curves for different states in fig. 4 are 
ndt to scale. 

According to the new quantum mechanics the lowest vibrational level, of 
quantum number v — 0, falls above the lowest point of the potential curve by 
a definite amount. At the time when the Franck-Ciondon theory appeared it 
was assumed that this level was one of zero vibration, for which the nuclear 
separation was constant and eqnal to According to this theory, therefore, 
for transitions involving one level for which e = 0, there should be only one 
maximum in the usual intensity distribution diagram for an electronic band 
system, but two maxima in the case of other vibrational levels. This is still 
true according to the new quantum mechanics, for ^though there is now a finite 
range of possible r-values in the state v » 0, the wave-function for this state has 
only one maximum corresponding to the distance whereas there are at least 
two maxima of this function at the ends of the interval of possible r-values 
in the case of other vibrational levels. With the accuracy at present available, 
the difference between the old and the new picture (as regards the zero point 
energy) is unimportant in most practical oases. 

* Frsnok, ‘ Trans. Faraday 80 c.,’ vol, 21 , p. 536 (1025); Condon, * Phya. Rev-,’ vol. 

28, p. 1182 (1926). 

t ‘ Phys. Rev.,’ vol. 84, p. 57 (1020). 

} ‘ Proo. Roy. 800 .,’ A, vol. 125, p. 462 (1026). 
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Thf value of the experimentally determined energy loss V* is indicated by 
arrows in fig. 4. It will be seen that this maximuni occurs just in the middle of 



the group of vibrational levels for which the closest distance of approach of 
the two nuclei falls within the range of possible values for the nuclear separation 
in the lowest vibrational state of the normal molecule. This is in excellent 
agreement with the interpretation of this maximum here proposed and with 
the general ideas of Franck and Condon. 

It is natural to attempt to correlate the V* maximum with the next singlet 
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Htate B in a similar maimer* However, fig* 4 shows that this maximum falls 
decidedly above the vibrational levels to be expected in this case. Now from 
fig. 3 there is one further singlet state C fairly close to B* The potential curve 
for the former cannot be determined, since only one more vibrational level is 
known* for tliis state ; from the rotationad analysis by Johnson and Asundif, 
Tq 1 • 1220 , The high value of V 4 seems, however, to be satisfactorily 
accounted for, if this maximum is regarded as the unresolved result of excita¬ 
tions of both B and C. It is possible that a third state E contributes to the 
V 4 maximum, since transitions to this state have been found in absorption.* 
Th<‘ second strong maximum, V^, appears to indicate the excitation of the first 
vibrational level or levels of the G state. If this interpretation is correct, 
the G state must show a rather high probability of excitation, at any rate under 
the (onditions of these experiments. Unfortunately very little is known at 
present about this state. Only one single vibrational level has been measured ; 
transitions to this level are stated by BirgeJ to occur in absorption. The lower 
F state has been found in emission to combine with the X state. From the 
potential curve for the fonner (not drawn in fig. 4) one would expect excitation 
of the t) = 0 , and possibly the v^l level belonging to this state. It is possible 
that such excitation contributes part of the rising curve to the left of the V 5 
maximum. It would seem, however, that the probability for this excitation 
must be much smaller than that for the excitation process responsible for ; 
otherwise the F-excitation would certainly have given rise to a separate 
maximum in view of the magnitude of the difference between V 5 and F. 

As in the case of nitrogen previously investigated, there is no discontinuity 
in the slope of the distribution curves at the first ionisation potential, 14* 18 
volts in the case of carbon monoxide. There is a very gradual slowing up of 
the steep drop to the right of V^, which sets in somewhere between 14 and 16 
volts; this is probably due to ionisation. It is possible that V* indicates a 
maximum in the probability of such ionisation, when the ejected electron 
escapes with an energy equal to the difference betwetm and X'. The 
magnitude of this difference may be estimated from the corresponding curve 
in fig, 3 ; Vc in the left top comer refers to this curve. There arc, however, 
certain points which are in favour of a different interpretation. Transitions 
from state A' to X' in fig. 3 give rise to the so-called “ comet-tail ” bands. 
Duffendack and Fox {loc. cif.) were able to excite these bands at a voltage of 

* Birge, ‘ Int. Grit. Tables,^ vol. 6, p. 409 (1929). 

t ‘ Proo. Bfoy. Soc.,’ A, vol, 123, p, 560 (1929). 

t Birge, - Int. Grit. Tables,’ vol 6 , p. 409 (1929). 
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16-9 volts, and Hepburn {loc. cit.) obtained the first bands at 16 • 7 volts. This 
proves that the A! state is excited from the normal state of the neutral molecule 
by single electron impact. Furthermore, Duffendack and Fox state that the 
comet-tail bands form a typical low-pressure system, which outrivals other 
strong bands such as the B A system at pressures of the order 0 05 mm., 
and that the comet-tail bands become very brilliant at higher voltages. In 
view of this one could attempt to attribute to direct excitation of the A! 
state from the normal X state of the molecule. The potential curve at the top 
of fig. 4 corresponds to the A' state. Since this is actually a doublet state, 
tliere ought to be two potential curves, running parallel, and two levels for 
each vibrational quantum number. To simplify the drawing of the diagram 
1 have instead chostui to indicate the Vg maximum by double arrows, which 
for tlie present purpose obviously amounts to the same. Fig. 4 shows that 
in any case the Vg maximum falls well within the limits to be expected on the 
Francik-Condon theory. 

Very few critical potential determinations have been published for carbon 
dioxide. Mayer* gives the ionisation potential as 12 *5 volts. Akesson,t 
using retarding electric fields for velocity analysis, found energy losses of 6*4 
volts for slow electrons. Hughes and Dixon,J who employed the method of 
Franck and Hertz, give 10-0 volts for the ionisation potential.§ Later 
Mackayll has obtained a value of 14*3 volts for the energy required to produce 
ionisation in C 02 .^[ None of these seem to bear any relation to the maxima 
obtained in the present work, unless the effect at 6*4 volts is masked by the 
maximum due to the slits; from analogy with the similar measurements on 
nitrogen and on carbon monoxide one would scarcely expect a maximum in 
the distribution curves at the ionisation potential. Quite recently the energy 
loss at 6*4 volts has been confirmed and two further losses of about 11 and 
13 volts found,** probably corresponding to Vg and Vg. Spectroscopic work 
on carbon dioxide has not progressed far enough to make it possible to draw 
a level diagram of the different electronic states of the COg molecule. Some 

♦ ‘ Ann. Physik,’ voL 46, p. 1 (1914). 

t ‘ Lundfl Univ, Arsskrift/ vol. 12, No. 11 (1916), 

t * Phys. Rev./ vol. 10, p. 495 (1917). 

§ Interpreted by Franck and Jordan, “ Ani-egung von Quantenspriingen duroh StOsse/* 
p, 286, Berlin, 1926, as an excitation potential. 

li ‘ Phys, Rev./ vol. 23, p. 553 (1924), 

% The most recent determination of this potential by Smyth and Stueokelberg, * Phys. 
Rev,,* vol. 36, p. 472 (1930), gives 14*4 volts. 

♦* LOhner, ‘ Ann. Physik/ vol. 6, p. 50 (1930). 

o 2 
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absorption bands have been recorded by Leifson* in the far ultra-violet, but 
they do not seem to correspond to any of the maxima listed in Table IV. 

Abseme of Etyideme for the Ionisation of Soft X-Ray Levels. 

A few measurements for higher bombarding voltages have been obtained, 
in which the deflecting electric field was varied so as to give the entire distri¬ 
bution curve for all velocities of the electrons from zero to the value for the 
primary beam, in the manner described in the paper on nitrogen. Bombarding 
voltages up to 863 volts w’erii used with carbon monoxide, and up to 750 volts 
in the case of carbon dioxide. The regions of the carves in which energy losses 
due to ionisation of the K-levels of oxygen and carbon would be expected were 
covered by a large number of closely spaced points. Since the curves obtained 
are of the same shape as the one reproduced in the paper on nitrogen, J have 
not considered it necessary to add another figure to those of the present paper. 
No evidence of the ionisation processes in question has been found. In the 
case of carbon monoxide the upper limit for the relative probability of such 
processes from tlie measured curves is about the same as in the case of nitrogen. 
With carbon dioxide it was extremely difficult to avoid sudden arcing in the 
tube, when a curve was taken at these high voltages, and it was necessary to 
use a rather small bombarding current. Hence the test for the absence of 
high energy losses is not as rigorous in this case as for the two other gases. In 
any case the present results confirm the conclusion that ionisations of the 
deeper electronic levels are very unfrequent for elecitron velocities of the 
magnitude here used. 

Siunmary. 

Previous measurements of the (jharacteristic energy losses suffered Iiy electrons 
in nitrogen at low pressures have been extended to the two gases carbon 
monoxide and carbon dioxide. The energy distribution of the electrons after 
passing through the gas show*s several well-marked maxima which have been 
measured for differeut voltages and pressures. These maxima are characteristic 
of the energy levels of the particular kind of molecules under investigation. 
In the case of CO the various maxima found have been correlated with tran¬ 
sitions from the normal state of the molecule to excited states known from the 
analysis of the band spectra belonging to this molecule or to singly ionised 
carbon monoxide. In those cases where a maximum has been attributed 
to a single electronic level, a study of the potential curves for the molecule 
shows the position of the maximum with respect to the different possible vibra¬ 
tional levels to be in accordance with the Franck-Condon theory. 

‘ Astrophys. J.,’ vpl, 63, p. 73 (1(126). 
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Charcoals, Part IV, 

By A. J, Allmand^ F.R.S., and A. PumoK^ Kingh College, London. 

(Received October 7, 1930.) 
intrcMiuciory, 

ill this puper, the following points are dealt with :— 

(1) In Part II of this series,*" the effect of a vwiation in the evacuation 
tempiTature on the nature of the aubseciuently determined isothermal was 
investigated in the cases of charcoal C and 1). The results indicated that, if 
displacement of oxygen from tiie surface of the charcoal were complete, the 
evacuation temperature (up to 800'' C.) was unlikely to have much effect on 
the isothermal. In Part lllf it was suggested that the isothermals might 
perhaps prove to be identical, allowaiKje being made for any minor differences 
in surface structure brought about during the elimination of the oxygen. 
Further experiments have been done which, whilst indicating that the effect 
of high temperature degassing can be much greater than was found in Part II, 
support the views already put forward on the part played by adsorbed oxygen 
(experiments 1 to 5). 

(2) In Part III the point was raised whether or not any of the determined 
isothermals were definitive, in the sense that no further drift in the direction 
of higher q/p ratios would take place on repeated further sorptions and 
desorptions. It was doubted whether this was so. If it were, it seemed that 
it might be the case when using the chemically activated charcoal B. Further 
work with B has however shown that isothermals with appreciably higher 
qjp ratios than were found in Part II can be obtained (experiment 6). 

(3) It seemed desirable to have an independent test of the validity of 
the Piraui gauge pressure readings. Consequently an isothermal has been 
determined over a large pressure range (3*3 x 10'^ to 70*45 mm.) in a single 
experiment, the higher pressures being road by a mercury manometer, and 
the lower by the Pirani gauge. The results show that the readings of the 
latter instrument are valid (experiment 7). 

(4) Breaks ” had bo<ni found in the different isothermals and isostcres at a 
pressure of about 0*1 mm. (Part II), and in Part Ill it was mentioned that the 

* ‘ Proc. Roy. Soc„* A, vol. 129, p. 235 (1930), 
t Ibid,, p. 252. 
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existence of these breaks seemed to be a case of a more general phenomenon. 
In particular, Mr, L. J. Burrage, working in this laboratory and using a different 
method,* has found that, in presence of air, the isothermal of carbon tetra¬ 
chloride on charcoal B is composed of a series of loops, covering the whole 
pressure range studied frotn 30 mm. down to 0*1 mm. at 26"^. A section of 
the carbon tetrachloride isothermal of this charcoal, air being absent, has 
therefore been examined in detail, the pressures being measured by the mercury 
manometer. Ample evidence of discontinuities and breaks was found 
(experiments 7 and 8 ). 

ExperimentaL 

In all the Pirani gauge measurements recorded in this papcjr, the fully 
developed technique as described in Part If of this series was used. 

Experiment 1 .—A specimen of charcoal A, degassed at was charged 
to 30’2 mg. per gram and its pressure measured ; a second sorption point was 
followed by two desorption points, two sorption points and then by six alternate, 
desorption and sorption points, finishing with point 12 at 70*3 mg. per gram. 
The maximum q value was 80*0 mg. per gram (point 10 ). The results are 
shown in fig. 1 (crosses). In order not to complicate the diagram, points 6 to 
8 are not joined up, the first and last loops only of the isothermal being drawn. 
The lino AB represents the best isothermal drawn through the points obtained 
in Part II, experiment 3, in which an initial charge of 135 mg. per gram had 
been put on the charcoal. Although in the present experiment the initial 
charge was low, and the initial q/p ratio consequently also low, the isothermal 
obtained is seen soon to cross AB, and the last point shows a very definite 
drift to higher qjp values. The apparent nature of the reversibility found in 
Part II, experiment 3, is thus made clear; it was indeed indicated by the 
position relative to AB of the derived isothermal obtained for this charcoal 
(see Part II, fig. 2). 

Experiment 2.—A specimen of A was thoroughly degassed at 800®, and 
charged to 33 mg. per gram, at which the first pressure reading was made. 
There followed four more sorption points (5 = 112*5 mg. per gram), three 
desorption points (8 = 64*6 mg. per gram) and finally three sorption points 
(11 ~ 109*7 mg. per gram). As the isothermal was showing drift, the charcoal 
was allowed to stand overnight at 25®, and the CCI 4 pressure measured the 
next day. It had fallen from 1*81 X 10“* to 1*73 x 10** mm., in agreement 

♦ ’ J. Phy«. Chem.,’ voL 34, p. 2202 (1930). 
t Chaplin, ' pTOi\ Hoy. 80 c./ A, vol 121, p. 344 (1928). 
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witli the oibBerved driH. The results are plotted in fig. 1 (black circles). It 
will be Be<‘u that the effect of tiie higher degassing temperature has been to 
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the first desorption branches in the case of charcoal D were practically inde¬ 
pendent of the evacuation temperature and, in the case of charcoal C, the q 
values only differed by about 6 per cent., the increase in capacity of the 

80(F 0.^* over tlie KKV^ charcoal A is found to be nearl>" 60 per cent. 

Exj)mm.cHi 6. An attempt was made to eliminate the drift found in tlu^ 
last experiment by charging the charcoal to a high initial pressure. A eainple 
of A, degassed as before at 800°, was charged up to about 140 mg. per gram, 
the displaced gases removed at 90° as thoroughly as possible, and the first 
point taken at K58-5 mg. per gram and 6*78 X Kr^ mm. Eight more de¬ 
sorption points (9 -- 70*1 mg. per gram and 9 x 10"^'* mm.) w^re followed 
suceerssively by six sorption and five desorption points, four sorption and two 
desorption points, two sorption and a final desorption point (29 133*1 mg. 

per gram and 1*33 x 10 “^ mm.). At the end of the run, the charcoal was 

allowed to stand, as in experiment 2, and its pressure obsf^rved. One day later, 
during which the container had been heated to 80° C. for 1 hour, the preasure 
liad fallen to 1 • 20 x 10 mm, (point 29u); after another day, during 

which the temperature had been kept throughout at 25°, the pressure w'as 

1*17 X mm. (point 296). 

The reiiults arc plotted in fig. 1 (circles). The drift with this charcoal, in 
spite of the original high charge, is seen to be remarkable, and indeed was as 
pronounced at the end as at the commencement of the run, a fact which clearly 
did not support the suggestion (see Introduction) that the definitive isothermals 
for 110° and 800° '' charcoals would be practically coincident. 

During the evacuation of charcoals at 800° (1, it has been noticed that an 
appreciable amount of a sublimate condenses in the colder parts of the tube. 
In the case of charcoal A this amounts to 0*6 to 0*7 per cent, of the weight of 
the original dried charcoal, and consists essentially of the chlorides and sulphates 
of sodium and potassium.* This fact suggested that the increase in sorptive 
(japacity resulting from 800° C. evacuation might be caused by the elimination 
of the sublimate having made available parts of the charcoal previously occupied 
by inorganic constituents, the drift arising from the relative inaccessibility 
of th<* cliarcoal surface or cavities thus set free. If such an increase in accessible 
surface were actually to take place, whether due to the removal in this manner 
of inorganic* (‘onstituonts or to the slow burning away of carbonaceous 
“ obstructions/' it seemed probable that the charcoal once treated in this 
way, should retain the relatively high sorptive capacity of an “ 800° C." 
charcoal after admission of air at ordinary temperatures, with subsequent 
* Haud and Shiels, ‘ J. Phys. Chem./ vol, 32, p, 453 1928). 
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dcgasaing at 110". If, on tho other hand, the effect of the high temperature 
degassing and the cause of the drift were dependent on the elimination of 
combined oxygen from the charcoal surface, an isothermal deterrainod on a 
charcoal which had been (i) degassed at (ii) exposed to air at room tempera¬ 
ture, (iii) degassed at 100 '", should resemble that for a " \\(f 0 .’^ charcoal. 
This point of view was tested. 

Expo'ifnent 4.—A specimen of charcoal A was thoroughly degassed at 8 (K)^' C. 
It was then cooled down, exposed to air for 18 hours, re-evacuated at 110 ‘' C., 
and a five-point isothermal determined, commencing witli the low q figure 
of 23*4 mg. per gram. The results ar<^ shown in fig. 1 (triangles). It will be 
seen that the points lie at higher pjq ratios than those of experiment 2 (*‘ 800° 
C.’' charcoal) and that the drift on desorption is normal. 

Experiment 5.—A similar experiment to No, 4 was carried out, but, in this 
case, the charcoal was exposed to air for 6 months before evacuation at 110 '", 
and a high charge of CCI 4 (141-8 mg. per gram) was used for tlui first point of 
the isothermal. The total number of measured points was six, and the results 
are plotted in fig. 1 (squares). When these are compared with the points of 
experiment 3 (the pressure* at J38-5 ing. per gram is nearly three times the 
pressure at point 1 of experiment 3, where the q valuta is the same) and with 
the line AB (on an extemsiou of which, assuming a ‘‘ break ” at 0 * J mm., the 
first two points of the present isothermal practically fall), there is little doubt 
that the charcoal in the present case has behaved as an “ 110 '^ C.,” and not a.s 
an “ 8 (Kf C./’ charcoal. 

We therefore regard the results of the last two experiments as supporting 
our views on the essential nature of tlie effect of high, as compared with low, 
temperature evacuation. 

Experimml 6 . —A specimen of charcoal B was evacuated at 110 ^, charged 
up to about 90 mg. per gram, and the first point taken (^ 88-7 mg. per 

gram). Six desorption points were then measured (7 14-0 mg. per gram 

and 2'9 X 10“* mm.), followed by 12 sorption points (19 = 213-3 mg. per 
gram and 0-270 mm., very near the limit of measurement of the Piraui gauge). 
The results are plotted in fig, 2 as triangles, in the fonn both of log p/log q and 
also piq diagrams (the points at the three lowest pressures are not included 
in the latter case), ABC represents the derived isotliermal obtained for this 
charcoal in Part II (fig. 3 ), and it is seen that the points of the present experi¬ 
ment all He at higher q/p ratios than formerly. Tlie doubt previously expressed 
as to whether any of the isothermals obtained in Part II were characteristic 
of the charcoal concerned is therefore justified. And this fact is made even 
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clearer by points 33 to 39 (denoted by squares), taken from the next experiment, 
in which a very much higher charge of sorbate had been put on the charcoal 
in the course of the run. 

An examination of the log p/log g plot shows that, starting from low pres¬ 
sures, the isothermal is practically linear up to point 10, and then deviates 
slightly in the direxjtion of lower pressures. Above point 12 , this deviation 
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becomes more marked, and there is definite evidence of “ breaks.** One way 
of drawing the iaothennal would be to put in such breaks between points 
10 - 11 , 12-13 and 16-17 respectively. The first of these, however, means a 
break in the region of ()'(>6“0*07 mm. As no break at such low pressures has 
btM*n found in other cases in (X/l^ isothermals, using either the vacuum technique 
or the retentivity t<jchnique developed in this laboratory,* we prefer to draw 
the isothermal as shown, as being continuous up to just above 0-1 mm., 
with breaks at this point and at about 0*2 mm., and, when logarithmi<rally 
plotted, very slightly convex to the log p axis just below tin; first break,f The 
low pressure portiori of the isothermal of experiment 7 (squares) has been 
drawn in such a way as to agree with this interpretation of the data. We 
realise that such a procedure is somewhat arbitrary, and that very little nior(> 
can be concluded with c(Ttainty from a single isothermal of which the points 
are spaced as in the prevsent case beyond the qualitative' fact tliat “ breaks ** 
do occur. To find the position of these breaks, more experimental poiiits arc* 
required on the isothermal In the present case, breaks Imve bec'ii found by 
the ret(uitivii V method in th(‘ isothermals for a large number of charcoals 
(including B), centring on pressures of about 0vl()5, 0vl45, 0*185 and 0-26 
mrn. 

Experwumt 7 .—The charcoal specimen used in experiment 6 was allowed to 
stand at room temperature for 2 weeks after the determination of the last 
point, at whicli the measured Firani gauge pressnn> had been 0*27 mm. Its 
equilibrium pressure, when then measured by a U mercury-manometer attached 
to the apparatus,t was found to be about 0*21 mm. Three possibilities could 
account, wholly or partly, for this difference in pressure, viz., (a) inaccuracy 
in the mercury manometer reading, ( 6 ) an error in the Pirani gauge reading, 
which was being used very near to its possible limits of measurement, and (c) 
a fall in pressure on standing, due to drift or slight displacement of gas. 

The third possibility was unfortunately not tested at the time. With regard 
to the first, the error of the mercury manometer, which was giving trouble at 
this sUge, was estimated as at least 0*05 mm., although, in the present cam, 
readings after three successive re-adjustments of the mercury meniscus gave 
0 * 20 , 0*22 and 0*22 mm. In order to test thoroughly the second possibility, 
it was decided to carry through a determination of the (XI 4 isothermal on this 

• BurraKe, lot\ cU. 

t It wa» BUjfgMtocl in Part HI that this type of q/p relation might be found in isothermaJa 
on thoroughly clean ohercoak. 

t Part I, pp. 349-860. 
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cliarc-oal up to high pressures, determining first a series of sorption and then of 
desorption points, and, finally, when the pressure on the desorption branch 
had fallen sufficiently low, changing over from the mercury manometer to 
the l^irani gauge. Any abrupt discontinuity at this point would be evidence 
(d some kind of error in the readings of the Pirani gauge?. 

A fnrflier sp(?ciruen of charcoal B was evacuated at 110'' 0,, charged to about 
mg. per gram, and the first point measured at 199*6 mg, per gram and 0*28 
mm. Fifteen further sorption points were taken, the majority at intervals 
of about 80 mg. per gram (point 16 -- 1313*5 mg. per gram and 70*45 mm. 
pressure). Desorption was then commenc(«l. Fifteen points were measured 
using the mercury manometer (31 239*3 mg. per gram and 0*32 mm.). 

The (^arliest of tht?so points were relatively close together, the spacing becoming 
wider later. With point 32 (234*1 mg. per gram and 0*296 mm.) readings 
with the Pirani gauge wore commenced and continued to the last point measured 
(No, 39--^95*5 mg. per gram and 0*03325 mm.). Except when obtaining 
the first sorption and the last three desorption points, the charcoal was not 
heated above 25° C. during the whole experiment. 

The results are plotted logarithmically in fig. 3, where sorption points are 
represented by triangles and desorption points by squares and circles, according 
to whether the pressure measurements were made with the mercury mano¬ 
meter or with the Pirani gauge respectively. The single black circle is the 
last point of experiment 6 as determined by the Pirani gauge, and the single 
cross the same point as measured later by the mercury manometer. A section 
of the results is shown inset, plotted on an expanded scale. 

The two portions of the desorption curve depending on the mercury mano*- 
meter and on the Pirani gauge respectively are seen to join on to one another 
satisfactorily. Moreover, the Pirani gauge reading of point 19 of the preceding 
experiment practically falls on the same curve (sec also fig. 2), whereas the 
mercury manometer reading lies well below it. We conclude therefore that the 
Pirani gauge measurements in general are valid, and that the discrepancy noted 
above between the two pressure readings of the point in question was most 
probably due to the unsatisfactory behaviour at the time of the mercury 
manometer. 

The next point to note is that, whilst at intermediate pressures there is very 
little tendency for tlie desorption points as a whole to lie at higher qip ratios 
than the sorption points, this is not the case at the highest pressures (see inset). 
This fact, which can hardly be accounted for by experimental error in pressure 
leading, requires explanation. One would imagine that, if any displacement of 
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with CCI 4 during sorption at these high pressures,* and that there was an initial 
delay in the evolution of this dissolved CCI 4 as the pressure was lowered 
during desorption. If this view be accepted, it would indicate (i) that the q 
values at the highest pressure are too great, particularly, of course, those on 
the desorption branch of the isothermal, and (ii) that, at a pressure of 0*6 to 
I mm. during the sorption process, essential gas displacement had been com¬ 
pleted, as evidenced by the practical coincidence of the sorption and desorption 
branches of the isothermal over a considerable pressure range above this 
point. By essential gas displacement, we mean the displacement of that gas 
which is of significance for the pressure of the sorbed CCI 4 , That carbon dioxide 
was still being given off from the charcoal was demonstrated during the measure' 
meat of points 32 39 with the Pirani gauge, the average pressure of this gas 
in the CCI 4 vapour phase being 5 X mm. 

Lastly, it must be noted that it is quite impossible to draw a single smooth 
curve through either the sorption or the desorption branch of the isothermal, 
the experimental points being removed from any such smooth curve by amounts 
considerably in excess of the experimental error. This again is evidence of 
the discontinuous nature of these isothermals. As in experiment 6 , however, 
whilst the data suffice to exhibit the fact of discontinuity, they do not suffice to 
determine the positions of the breaks. The points below No. 12 have been 
joined up in order better to emphasise the discontinuous structure, but no 
stress whatever is laid on the detail of the curve, as it is clearly possible to 
draw the isothermal in other, quite different, ways, alike only in oxldbiting 
breaks. 

Expemneni 8 .—As, at this stage, measurements by Mr, L. J. Burrage on 
the isothermal of CCI 4 on charcoal B at 25°, carried out by the retentivity 
method, were available, and as these measurements painted to the existence 
of a large number of well-defined breaks, it was decided to study a section of 
the same isothermal intensively by the technique employed in experiment 7, 
taking points at close intervals, with the intention of seeing whether the breaks, 
of which the existence was indicated in experiment 7, could be more closely 
defined, and, if so, whether the p/g values at which they appeared were coincident 
with those found by Mr. Burrage. The pressure region chosen for examination 

* The total weight of evacuated charcoal in this experiment was 1 • 9774 grams, and of 
tap grease 0*0242 gram. The maximum difference between the sorption and desorption 
curves in the high pressure region was about 80 mg. per gram or 0*10 gram. At the 
maximum charging pressure, the tap grease was actually observed to show signs of 
“ running.” 
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was 18 to 31 mm. The breaks found by the retentivity technique in this 
range lay at 17-7, 19-1 (18-8). 21-0 ( 21 - 0 ), 22-2 (22-2), 23-4 (23-3), 2 B -0 
(24‘9), 26*8 (20*1), 27*6 (27*6) and 30*5 (30*2) mtn. The bracketed figures 
represent the average pressure values at which breaks were found for some half- 
dozen different (tharcoals. 

A. specimen of B, dc^gassed at 110 ^, was charged up ui the usual way to about 
1160 mg. per gram, and the first point measured at 1142*2 mg. per gram and 
31*74 mm. Twenty-one further desorption points were then determined. In 
order that they sliould l)e closely adjacent to one another, a procedure was 
adopt^ed very similar to that described at the commencement of Part III. 
After attaching the freshly-weighed charcoal container to the apparatus 
the latter was evacuated and then filled with CCI 4 vapour to a measured 
pressure only slightly less than the equilibrium pressure of the preceding 
point, before opening up the container to the apparatus. The consequence 
was that the loss of sorbak from the former to the latter was small, 
and the system readjusted itself to new p and q values only slightly lower than 
those which characterised the preceding point. Throughout the wliole experi¬ 
ment, including the initial sorption, the teimperature of the charcoal did not 
exceed 26*^ C. The results are shown in fig. 4, in the upper curve as log p 
against log q (triangles) and in the lower as p against q (squares). The full 
black triangles and squares (Roman numerals) represent such points of experi¬ 
ment 7 as fall within the range of the present experiment. When it is 
remembered that tlie scale on which the upper curve of fig. 4 is plotted is about 
ten times that of fig. 3, and that reason has been given for supposing points 
XX and XXI (20 and 21 of experiment 7) to lie at too high q values, 
the agreement between the two sets of measurements must be regarded 
as satisfactory. 

In drawing the isothermals, we set out from point 1 , and the curves as shown 
appear to us to give the most probable mterpretation of the data. With regard 
to the exact definition of the position of the breaks, the present experiment is 
more satisfactory than experiment 7, but not completely so ; the gaps between 
the different points, averaging 10 mg. per gram, are still too great. As drawn, 
the isothermal shows breaks (mean values from the two plots) at 28*45, 26*7, 
24*8, 23*86, 23*06, 21*5, 20*65, 19*4 and 18*36 mm. Except for the second 
and third of these, the agreement with the values of the breaks found by the 
retentivity technique (see above) is poor. By drawing the isothermal in such 
a way as to place a break between points 14-15 instead of between 16-16 (such 
a possibility would be as likely as the one actually adopted) a break would be 
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obtained at about 22-2 inin., in agreement with the retentivity results. 
Alternatively, it would be possible to omit a break in this region altogether. 



through points 14-17. But that the data are 
«t seen by drawing the isothermal commencing 
>oint 1. The result, is again a broken curve, but 


and to draw a single curve 
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with its discontinuities at pressures different from those found in the curve 
as drawn. 

Whilst the present experiment affords further evkience of the discontinuous 
nature of these isothermals (the menjury manometer was working satisfactorily, 
and the error in the final pre^ssure values, each the mean of a number of separate 
readings, is estimated as 0-02-0*03 mm. only), it can not be said to have made 
any definite contribution to the quantitative side of their study. For this 
purpose a less laborious method of experimentation is necessary. Some such 
measurements have bwn done, and others are in progress. 

Summary, 

1. Experiments are described which support the view that the effect of 
high temperature pre-evacuation of a charcoal in increasing its initial sdrptive 
power for a vapour is due to the more efficient removal of adsorbed oxygen, 
and not to an increase in total surface available for adsorption. 

2. Evidence is brought to show that whilst, in the cast', of a chemically- 
activated charcoal and carbon tetrachloride, a charging pressure of about 
()•! mm. at 25® is insufficient to clean up adsorbed oxygen from the charcoal 
surface, this can be effected in practice by a charging pressure of 1 mm. 

3. The Pirani gauge has been shown to give pressure readings which concord 
with those of a mercury manometer. 

4. Evidence is brought in support of the view that the isothermals of carbon 
tetrachloride on charcoal are discontinuous in structure. The technique 
employed proved inadequate for the purpose of the quantitative definition of 
these discontinuities. 

The experiments described in this paper were carried out between August, 
1926, and July, 1927. 
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The Sorption of Water Vapour at Low Presmires hy 
Activated Charcoals,—Part I. 

By A. J. Allmakd, F.R.S., and R. B. JCmo. King s Oollegii, London. 

(Received October 7, 1930.) 

Previous work* has led to the accumulation of many data on the sorption 
of water vapour by activated charcoals. Comparatively few measurements at 
pressures less than 1 mm. have, however, been carried out, and the purpose of 
the present experiments, of which the first results are described below, is to 
fill this gap. The nature of charcoal—water vapour isothermals at low pres¬ 
sures is indeed of considerable interest, as in their form at higher pressures they 
differ widely from the isothermals given by the great majority of gases and 
vapours. 

Experimental Method. 

This was very similar to that worked out by Chaplinf in connection with low 
pressure carbon tetrachloride isothermals. The water supply was contained 
in a small bulb sealed on to the apparatus. It was freed as far as possible 
from dissolved carbon dioxide and permanent gastw by the continued applica¬ 
tion of the cycle (i) freezing at the temperature of solid carbon dioxide and 
ether ; (ii) evacuation ; (iii) melting—until the residual pressure over the ice 
at — 78^ C. was practically unchanged by further treatment. Owing to the 
solubility of carbon dioxide in ice, this gas could not be completely removed 
and, in the actual experiments, a charging,pressure of water vapour of about 
10"^ mm. contained about mm. pressure of carbon dioxide.^ 

The charcoal in every case was degassed beforehand at 110® C. until the 
pressure (at that temperature) had fallen to0-75—1*6 X 10"“* mm. (measured 
on the McLeod gauge). After attaching the evacuated and weighed container 
to the vacuum apparatus, the latter was evacuated until the Pirani gauge 
registered within 0*06 volt of the zero figure. The container was then opened 
up to the apparatus, and the last traces of gases and vapours removed by 
connecting with the cleamup charcoal at liquid oxygen temperature. 


♦ ‘ J. Phys. Chem.; vol 33, pp. 1151,1161,1682,1693 (1929). 
t * Proo, Roy. Soo./ A, vol. 121, p. 344 (1928). 

X In subsequent experiments, an alkaline solution will be used in the supply bulbu 
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Aft previous experience* had indicated, mere evacuation at 110° was in¬ 
sufficient to expel all gaftes, including carbon dioxide, from the charcoal; 
diaplacement of these by the sorbate was necessary. For this purpose, the 
charcoal was exposed to a charging pressure of water vapour of about 10*’^ nun., 
this being regulated by raising and lowering a vacuum flask containing solid 
carbon dioxide and etlier under the water supply bulb. After charging in 
this way, the container tap was closed, and the charcoal raised to a temperature 
of 90° by means of a vacuum flask containing hot water, adjusted to such a 
height as to make the upper levels of the charcoal and the water coincide. 
The container was then opened to the apparatus, and the pressure of the gas 
phase investigated by the Pirani gauge (i) with the freezer at room temperature, 
giving a rough measure of the total pressum (water vapour, carbon dioxide, 
permanent gas); (ii) with the freezer at — 78” (carbon dioxide and permanent 
gas only); (iii) with the freezer at liquid oxygen temperature (permanent 
gas only). The whole of the gas phase was then removed by means of the 
clean-up charcoal. 

To determine a sorption point, the charcoal, now “ free from carbon 
dioxide and other gases, was charged at about 10""^ mm. pressure of water 
vapour until the pressure over it had reached the required value. The con¬ 
tainer was shut off, the apparatus cleaned up overnight, the container then 
opened up to the apparatus, and the pressure, when constant, read on the 
Pirani gauge. The gases were then analysed for carbon dioxide in the usual 
way. Appreciable amounts were generally found at this stage, in which case? 
the charcoal was again shut off, and the vapour phase removed on the clean-up 
charcoal. On subsequently re-opening the charcoal to the apparatus and 
measuring the pressure, amounts exceeding a pressure of about 10“^ mm, of 
substances other than water vapour were only found in exceptional cases. 
The amount of water vapour taken up at the measured pressure was determined 
by direct weighing. 

To determine a desorption point, the test charcoal was opened up to the 
clean-up charcoal (at liquid oxygen temperature) until the required pressure 
had been reached. For pressures lower than mm., an additional freezer 
at liquid oxygen temperature was used to accelerate matters and, for the lowest 
pressures, hot water was placed around the test-charcoal container. The 
subsequent measurement of the pressure, analysis of the vapour phase for 
displaced carbon dioxide, and measurement of the water sorbed were carried 
out as above. 

♦ ^ Proc, ftoy. 8oo.,’ A, vol. 129, p, 236 (1930). 

F 2 
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The Pirani gauge a value for water vapour was taken as O'fMJS?,’** The 
charcoals used have all been described elsewhere. They are denoted, as 
before, by the letters, A,t B,t C,t K,§ L.§ All measurements, unless 
otherwise mentioned, were made at 26^. 

ResuUs, 

One set of experimental figures is given in full, as a specimen of the type of 
result obtained. The results as a whole are shown in figs. 1 and 2. 

Charcoal A .—The data obtained are given in Table I and plotted in fig. 1 
(triangles). This charcoal was exceptional, in that far larger amounts of 
carbon dioxide were given off during the sorption process than in other cases. 
To this fact, we ascribe the very considerable “ drift which was observed. |! 
To eliminate this gas, repeated preliminary charging with water vapour at 
10”^ mm. pressure, followed by “ annealing ** at 90® C., was necessary. When 
finally the carbon dioxide pressure had fallen to 10"^ mm., the isothermal 
became reversible, or, at all events, apparently so. 


Table 1. 


Point. 

p X 10* 

1 in mm. 

gin 

j nig./gram. 

1 

Point. j 

P X 10* 

1 in mm. 

! 

g in 

rag./gmm 

I 1 

6S0 

1 

i 2*80 

j 

7 

i 

0*29 

I 3*57 

2 

1*30 

i 2-16 

8 

9*77 

1 5*14 

8 1 

913 

i 3-08 I 

» i 

2-98 

4*48 

4 i 

2‘63 

! 3'61 ! 

J 10 

«*70 ; 

i 5*02 

6 i 

7*78 

1 4-72 1 

! 11 

; 1*67 

1 3*99 

8 

1 

: 1M5 

1 

i ! 

i ; 

1 12 

t____ 

1 9*28 

1 

1 5*17 


Chemsoal B .—In this case, when the unexfiacted charcoal was used, drift 
occurred to an extent even greater than that observed with charcoal A. As 
the carbon dioxide pressures found in the vapour phase were always low, it 
seemed highly probable that the phenomenon was merely due to the absorption 
of water vapour by some hygroscopic constituent of the ash.f A six-point 
isothermal was therefore determined on a specimen of the charcoal which had 
been extracted with HCI and water, with a consequent reduction in ash content 

* Campbell, ‘ Proc, Phys. Soc.,’ vol. 33, p. 287 (1921). 
t ‘ J. Phyt*. Chem./ vol. 32, p. 452 (1928). 
t ‘ .1. Soc. Chem. Ind./ vol. 47, p. 376 T (1928). 

§ ‘ J. PhyB. Chem..’ vol. 34, p. 2202 (1930). 

11 Cf, * Proc. Koy. Boc.,’ A, vol. 129, p. 283 (1930). 

ThiH charcoal ha» been chemically activated by the use of «mo chloride. 
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ffom 3*90 to 0* 12 per cent.* HeTeruble results were at once obtained (fig. 1, 
squares). 



Charcoal C .—Two experiments w'ere carried out. In the first, the initial 
reading was taken at I-194 x 10 '> mm. and 8*9 mg./grain. Three de¬ 
sorption points followed and then, successively, three sorption points, four 
desorption points and a sorption point (No. 12 ; 7-71 x 10“* mm. and 8*46 
mg./gram). Finally, the charcoal was desorbed until q had fallen to 3*28 
mg./gram, and the equilibrium pressures read at 63° and 85° C. Plotting 
these two figures in the form of log p against 1/T, and extrapolating the straight 
line drawn through the two points to a value of 1/T = 1/298, the derived 
pressure for 25° C. was found to be 3-1 x 10“* mm. (point 13). The results 
are plotted in fig. 2 (triangles). In the second experiment the first reading 
was taken at the |low pressure of 3 X 10"* mm. and a q value of 2*31 mg./ 
gram. There followed throe sorption points, four desorption points and a 
further number of sorption and desorption points, finishing with No. 20 (9*1 
X 10“*mm. and 4 '00mg./gram). The results are plotted in fig. 2 (squares). 

• ■ J. Phys. Chem.,' vol. 82, p. 483 (1928). 
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Some drift was shown by the early points in both experiments, but was 
distinctly less marked than with charcoal A. In agreement with this fact. 



the carbon dioxide pressures measured after the first points were low—of the 
order of 10“* mm. The very slight displacement of carbon dioxide involved 
was nevertheless probably affecting the nature of the isothermal (e.g., points 
8 and 9 of the first experiment). The concordance between the isothennate 
obtained in the two cases is quite as good as would be anticipated in work 
involving water vapour.* 

It should be added that, in connection with points 1 and 11 of the first 
experiment, as well as with point 18, readings were taken at more than one 
temperature which, when plotted in Ike form of log p/T~^, allowed of a rou^ 
calculation of the heat of adsorption. The figures found were as follows ;— 


* af, ' J. Phy«. Ohom.,’ vol. 33, pp. 1683, 1693 (1929). 
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Table II. 


?(mg./gnun). 


S-9 
« 37 
3-28 


A (ualK./mol.). 


U 4 
14 T) 
i7*4 


Charcoal U, —A nine-point isothermal was determined and is plotted in 
%. 2 ((jircles). Carbon dioxide pressures were of the order of 10’"* mm., 
and any initial drift was insignificant. 

Charcoal K .—Measurements with unextracted samples showed the same 
type of behaviour as was noted with charcoal B, but to an even greater extent, 
ie., very pronounced drifts accompanied by very small displacement of carbon 
dioxide. Charcoal K contains 27*1 per cent, of ash and, as its preparation 
involves activation with phosphoric acid, it was to be anticipated that, like 
charcoal B, it might well contain hygroscopic material. A s|)ecimen was 
a<JCordingly extracted with hot distilled water (repeated changes) for several 
weeks, at the end of which the loss of soluble (acid) material had become very 
alow and the ash content had been reduced to 24*7 per cent. An isothermal 
carried out on the extracted material showed initial drift, but far less than 
before, and seemed to have become reversible after point 11 (fig. 1, circles). 

In order to see whether repeated treatment with water vapour would lead 
to a definitive isothermal with the unextracted charcoal, another experiment 
was done with this material, in which 41 alternate sorption and desorption 
points were determined. The drift was, however, still pronounced when the 
experiment was broken oil, the q value at 6 X 10’”® mm. being nearly 13 mg./ 
gram, as compared with 5 mg./gram for the extractiKl charcoal. It 
should be added that the slopes of the isothermals above 1 x 10 " * mm. were 
practically the same in the two experiments, indicating the water taken up by 
the hygroscopic inorganic constituents to be tightly bound at very low pressures. 

Charcoal L, —six-point isothermal was detemuned, and is shown in fig, 2. 
(crosses). It is seen to be of a remarkable nature, no detectible loss or gain of 
water occurring when the pressure was varied betwcicn the limits of 2« 1 X 10“* 
and 11*3 X 10** mm. At the final desorption point (No. 6), the pressure at 
26'" was below the limit of detection by the Pirani gauge. Carbon dioxide 
pressures once again were of the order of 10** mm. 
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Discmsion. 

More material iij required before tlie low pressure isotliermals of water vapour 
ou charcoal can l>e fuDy diBcussod, and a few' points only will be mentioned. 

(а) Previous experiments have shown that the general shape of water vapour 
isothermals on charcoal, at 25°C. and belmv a few millimelres pressure (2-7 mm. 
depending on the charcoal and the experimental conditions), resembles that 
of the isothermals of other vapours, such as <jarbon tetrachloride, considered 
Oi)er their wMe pressure range up to saiuraiion \ Henry’s law is not obeyed, 
but there is relatively greater adsorption at low pressures. This conclusion 
is now seen to hold equally for the pressure range of approximately 10"^ down 
to mm. The Henry’s law region, if exist-ent, must lie at still lower 
pressures. 

(б) The rate of change of slope of the isothermals at low' pressures is in some 
cases {e.g,y charcoals B and L) singularly abrupt. 

(c) The beha^dour of charcoal A is similar to its behaviour at higher pressures 
on repeated sorption and desorption.* When the former experiments were 
done, the dependence of drift on traces of gases still held by the charcoal surfacef 
was not realised. 

(d) The quantities of water tightly held at 25” by charcoals A, B and C (say 
3^*6, 0*75 and 2*5-3 mg./gram respectively) are less than the corre- 
spending amounts held after experiments in which higher charging pressures 
were used.}: In the latter experiments, the charcoals were initially degassed 
St higher temperatures (270” or 800” C.), and it is probable that both factors 
play a part, but that the difference in charging pressure is the more important 
of the two. We imagine that adsorbed w^ater vapour is less effective than other 
adsorbed vapours in the matter of freeing a cKarcoal surface from its residual 
layer of bound oxygon or adsorbed carbon dioxide. 

(e) The conditions of the experimental work were not suitable for doter- 
mining whether or not breaks§ occur in the water-vapour isothennals of activated 
charcoals in the pressure range investigated. The relative positions of points 
9, 10 and 17 in the second experiment done with charcoal C (fig. 2, squares) 
suggests such a possibility. 

(/) It is of interest to note that the heat of adsorption of water vapour, os 

* ‘ J. Phys. Chem.,’ vol. 33, pp. 1701 ff. (1929), 
t ‘ Proo. Boy. Soc.,’ A vol. 129, p. 263 (1930). 
t ‘ J. Phy«. Ohem.,’ voL 33, p. 1710 (1929). 

$ ‘ Proo. Boy. Soc.,’ A, voL 129. p. 246 (1930). 
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in the case of carbon tetrachlorid(i,* rises with decrease in the quantity sorbed, 
The values found with charcoal A for pressures of 3 mm. and over (^t 25°) 
were not much different from the latent heat of condensation of the vapour 
to liquid w'ater.f 

Summary. 

1. The adsorption of water vapour at 25® C. over a pressure range of 10"* 
to 10"® mm. has been measured for six different specimens of activated charcoals. 

2. The final isothermals obtained were apparently reversible. 

3. Further evidence was found respecting the effects exerted by traces of 
residual gas present on the charcoal surface on the nature of the isothermal. 

4. The results of the measurements are briefly discussed. 

The work described in this paper was done during 1928. The first experiment 
on charcoal C was carried out by Dr. It. Chaplin, to whom we wish to make due 
acknowledgment. 


The Emisswn of Ehetrom \(nder the^ Influence of Chemical Actimi 
at Lower Gas Pressures, 

By 0. W. JtiOHAROSON, F.R.S., Yarrow Researcl) Professor of the Royal 
Society, and L. G, Grimmett, B.Sc.. King’s College, London. 

(Received July 15, 1930.) 

§ 1. The work to be described is a continuation of the experiments dealt 
with in the papers listed in the footnote. J For brevity, these papers will be 
referred to in the sequel by the corresponding numbers. It may be recalled 
that the resulte of (5) exhibited a conflict with those of the earlier papers of 
which (3) is the most important. In the range of partial pressure of COCIg 
used in (5), which extended from about 0*05 to O-OOl mm. of mercury, the 
electron currents wore found to be independent of that pressure; whereas 
in the eiirlier experknents, which employed smaller currents, these had been 

♦ ‘ Proo. Roy. Boc.,’ A, vol 129, p. 252 (1930). 

t ‘ J. Phya. Ohem,/ vol. 33, p. 1692 (1929). 

I (1) Richardson, “Emiasion of Eleotrioity from Hot Bodies,’* 1st ed,, p, 293 (1916), 

(2) Richardson, foe, tiU 2nd ed., p. 310 (1921). 

(8) Richardson, • PhU. Trans.’ A, vol. 222, p. 1 (1921). 

(4) Brothorton, ' Proo. Roy. Soo.,’ A, voL 105, p. 468 (1924). 

(5) Richardson and Brotherton, * Proo. Roy. Soo.,’ A, vol 116, p. 20 (1927). 
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varied by controlling the rate of evaporation of the source of COCI 2 , which was 
kept in a bath of liquid air. In addition, some 50 determinations of the 
apparent temperature of the emitted electrons in the range of pressure 0*001 
to 0*01 mm., as deduced from the energy distribution data, gave values none 
of which differed by as much as 6 per cent, from 2368*^ K., whereas in the earlier 
work values in the neighbourhood of about 3300® K., which were thought to 
be accurate to about 10 per cent., had been obtained. In the earlier experi* 
ments, the pressures used were not known, but were thought to be much lower 
than those in (5). The pres^mt experiments have been carried to much lower 
pressures, with the result that satisfactory progress has been made towards 
the removal of the discrepancies referred to. 

Considerable difficulties were experienced before we could get controllable 
and measurable pressures of COClj down to mm. A few of the more 
important will be mentioned. The same method as in (5) was used, namely, 
diffusion from a large volume through a capillary tube into the reaction chamber 
which was exhausted continuously by a Gaede mercury pump. The testing 
chamber and adjacent parts of the apparatus are shown in fig. 1. The alloy. 



which had the composition NaK in all the experiments described in this paper, 
was stored under an atmosphere of CO, in the inverted glass bottle Y, By 
turning the tap T, it flowed through the connecting tube which was grotmd 
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into the glass vessels V and M, and fell in drops from the end of the glass nozzh 
N. This was attached to the connecting tube by a small quantity of sealing- 
wax, so that different noszles could be easily interchanged. The orifice of the 
nozzle N was at the centre of a copper cylinder E, in which a pair of small, 
circular holes were cut, so that the drops could be illuminated by monochromatic 
light from a mercury lamp focused on it through the quartz window which 
terminated the side tube Q. The rate of flow of the drops could be regulated 
by varying the pressure of the 00^ in V. Provided that the glass traversed 
by the alloy was scrupulously clean and that the other conditions were not 
varied, it was found that the number of drops per minute was exactly pro¬ 
portional to the driving pressure, provided the number did not exceed a certain 
limit. In the expriments, the number was always kept below this limit, 
except when the contrary is specifically mentioned. The drops of alloy could 
l)e maintained at various potentials by the sealed-in wire W and the electron 
currents measured by a sensitive electrometer conne(ited to the wire sup¬ 
porting E, shown projecting on the right. The used alloy collected in the 
ground-in glass bottle B and the side tube P led to the pumping system. The 
COClg flowed into this system at A through a capillary tube (not shown) 
0*06 mm. diameter, of the kind used for squirting cellulose thread, from the 
large volume made up of a nitmber of glass globes having a total capacity of 
several litres. It was admitted to this from a small side tube where it was 
stored in a liquid air bath. The pressure of the COCljj in the large volume 
could be read by two Mclicod gauges having different ranges, and a sulphuric 
acid manometer was also used as a rough indicator of the pressure. 

The pressure of the gas in the reaction chamber was measured by the Pirani 
gauge LL into which it streamed through A and out through the wide tubt‘ S. 
The adaptation of this instrument to measure pressures of COCI 2 down to 
10""* mm. has required a separate research and will be described by one of us 
(L. O. G.) elsewhere. The gauge used consisted of a length of tungsten filament 
spot-welded to the leads and firmly supported on a glass frame by the system of 
hooks shown. It was kept in a water bath maintained by a thermostat at 
31*0 i 0*02° C. Actually a water-tight box (not shown) intervened between 
it and the bath to prevent explosions due to access of water in the event of 
accidental breakage. This thermostatic control is essential and is what limits 
the accuracy of the instrument when used for measuring pressure differences. 

Much trouble was experienced initially by bursts of gas coming through the 
nozzle with the alloy. This was ultimately found to be gas generated m the 
alloy and was got rid of by heating the aBoy at 200® C. in a Monax ’’ glasH 



220 


O. W. Kiobardson and L. G. Grimmett. 


vessel, with the pumps working, until evolution of gas ceased and eventually 
pouring it into the bottle V without letting air have access to it. This process 
usually required 4 or 5 hours’ heating. 

The Pirani gauge was placed in one arm of a Wheatstone bridge, the other 
three arms consisting of fixed conatantan coils having resistances of 100 T). 
102 and 102 ohms respectively. Campbell’s* method of using the gauge was 
adopted. In this, the resistance and therefore the temperature of the filament 
is kept contant by adjusting the potential V across the bridge. If is the 
balancing voltage for a perfect vacuum and V the voltage required for a balance* 
at pressure p then 

(V2-VoW-% (^) 

where i is a constant depending on the nature of the gas and on the materials 
and construction of the gauge. The resistance of the gauge when cold was 
about 65 ohms and a balance was obtained at 100*5 dims, so that its working 
temperature was about 109° C. above room temperature, that is to say, about 
125*^ C. 

The Pirani gauge was calibrated by direct comparison with a Macl^eod 
gauge, over a range from about 6 x 10“* to nearly 10"'^ mm., for air free from 
mercury vapour as well as for air and also for COCla each mixed with the mer¬ 
cury vapour and residual gases from the MacLeod gauge and the Gaede mercury 

« 

pump. It was intended originally to use charcoal immersed in liquid air as 
the means of evacuation in the final experiments. It was found, however, 
that the calibration curves for air and for air + mercury vapour were not 
parallel but always intersected. This showed that the mercury vapour acted 
not merely as so much additional gas, but that it also affected the Pirani gauge 
in some other way which we do not fully understand. As there was no means 
of ascertaining to what extent this effect occurred when COCl, was also present, 
this method of evacuation was abandoned, and in all the experiments descril>ed 
in this paper the evacuation was carried out by the Gaede mercury pump, which 
was run at a constant speed. We have abundant evidence that the small 
amount of indifferent residual gas (up to about O-OOl mm.) present under these 
conditions has no appreciable effect on the phenomena to be described, even 
though it be many times greater than the partial pressure of the COCl* itself. 
We met with a lot of trouble arising from various causes before we got the 
apparatus into a condition when the Pirani gauge alwa 3 rs gave the same reading 
for a given reading of the MacLeod gauge, but this condition was attained 
nltimately. 

* ‘ Froo. Fhys. Soo,,’ voL 33, p. 289 (1931). 
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Operated in the manner just described, the Pirani gauge was not sufficiently 
sensitive at pressures below about 10*^ mm. because the potential across the 
Wheatstone net could only be read to 0*01 volt, which corresponded roughly 
to a pressure change of this amount. To go down to partial pressures as low 
as lO""* mm., the following slightly different method of using the gauge was 
therefore adopted. A balantie was obtained at the lowest pressure attainable 
by the Gaede pump and the resistance in the battery circuit was not altered 
during the remainder of the test, i.e., the voltage on the net was kept constant. 
All pressure differences were then determined from the out-of-balance currents 
which were? set up in the bridge-galvanometer. By this means the requisite 
sensitiveness was easily obtained. The pressures corresponding to these 
deflections were ascertained by (1) direct comparison with the deflection caused 
by a (h^finite reduction of pressure as measured on the MacLeod gauge, and 
(2) by finding the deflection caused by a small change of voltage at a given 
low pressure and combining this with the change of pressure for the same 
change of voltage at a corresponding low pressure extrapolated from the cali¬ 
bration curve obtained for the range of higher pressures as already described. 
The two methods were found to be in satisfactory agreement. For this metho<l 
to be satisfactory batteries giving a very constant voltage are required. 

The first few trials at these low pressures showed that the variations of the 
thermostat produced small currents through the galvanometer comparable 
in magnitude with those caused by the pressure increments, and also that 
several minutes were required for the establishment of equilibrium after 
CXXJla had been admitted. In order that these factors might be taken into 
account, the deflection of the galvanometer was read every half-minute while 
the entire apparatus was being pumped out, with the reservoir cut off. When 
exhaustion hod proceeded to its limit (which was indicated by the galvano¬ 
meter readings fluctuating between fixed values), the reservoir was opened up 
to the test chamto, and the movements of the needle again followed up by 
half-minute observations. A typical set of such observations is represented 
graphically in fig. 2. The humps and hollows on the curve correspond to 
the j)criodic heating and cooling of the ‘‘ constant temperature bath 
(±0*02'^ C.). The horizontal lines represent the mean readings of the galvano¬ 
meter under the various pressure conditions. By proceeding in this way, the 
relation between the pressure of (XX)!* in the reservoir and its partial pressure 
in the test chamber with the Gaede pump running at a constant speed was 
ascertained for a range of partial pressures from 0*004 to 0*00001 mm., the 
measurements actually extending to below 0*00004 mm. 
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The partial pressures (or changes in partial pressure) measured in these 
experiments are not the same as those at the surface of the drops of alloy in 



Fio. 2. 

the electron emission experiments, for two reasons. In the first place, all the 
measurements are made in a flow of gas, so that the pressure at the nozzle 
where the drops form is always less than that indicated by the Pirani gauge. 
The gradient of pressure from the gauge to the nozzle was made as small us 
possible by employing a wide connecting tube 2 cm. in diameter. 

The second source of uncertainty, and the more important, arises from tihc 
presence of the sodium potassium alloy itself, which apparently soaks up the 
COClj, causing an immediate reduction of pressure. For example, in a par¬ 
ticular experiment, when the rate of drops increased from 1 in 10-9 seconds to 
1 in 4-68 seconds, the Pirani gauge reading altered from 10-28 volts to 10-20 
volts which, on this particular day, corresponded to a pressure change from 
6-26 X 10"® to 5-26 X lO"® mm.; so that doubling the alloy flow, roughly, 
reduced the pressure about one-sixth. This effect made it difficult to say 
exactly how the Pirani gauge readings were related to the pressure at the nozzle. 
Although the dependence of COClj pressures upon alloy flow was noticed only 
at pressures higher than 0-001 mm., it was inferred that absorption took place 
at all pressures to a greater or less extent. In any event, the curve which 
was drawn between the pressures of the gas m the reservoir as ordinates and 
the partial pressures of the COCl^ in the chamber as abscissce may be 
regarded as fixing, for each reservoir pressure, an upper limit to the partial 
pressure of the COCI 2 which could exist in the test chamber. The slower the 
alloy entered the more nearly would this limiting value be approached. 

Amongst this uncertainty, however, one thing stood out fixed and definite ; 
the input of COOlg (mass diffusing through per second), depended only on the 
reservoir pressure, and was unaffected by the fluotuatiosos of pressure occasioned 
by tlie alloy, since the total pressure in the reaction chamber was but a minute 
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fraction of the driving pressure in the reservoir. As it is probable that at 
very low pressures all the COClj difiusing into the apparatus is absorbed by, 
or reacts with, the alloy, it appeared that there might be some advantage, for 
purposes of comparison, in dealing with input of COClg J^ather than with 
reaction pressures^ Accordingly, the rate at which phosgene streamed through 
the capillary was determined as a function of the reservoir pressure, by observing 
with the Pirani gauge the rate of increase of pressure in the evacuated apparatus 
when isolated from the pump, and a new curve constructed between reservoir 
pressure and input. The mass of gas entering per second was deduced 

from 

f “fi 

where D density of COClg at N.T.P. in gin. p(rr litre, v — voliune of 
apparatus in litres, and dpidt == rate of increase of pressure in millimetres 
per second. 

After all these calibrations had been made no further changes were made in 
the apparatus, and checks from time to time showed that the results were 
valid throughout the remaining experiments. 

A search was made for a suitable solvent for removing the traces of sodium 
potassium alloy which adhered to the apparatus after use. It was very 
desirable that the glasswork should not be broken during cleaning out, as all 
the partial pressure measurements had been carried out with the one particular 
apparatus, and would not apply to another of different shape. It is worth 
recording that a mixture of equal volume of alcohol and carbon tetrachloride 
(OCI 4 ) furnishes a mild, non-inflammable and efficacious cleansing agent,*** 
the use of which has preserved intact the original apparatus after more than 
a year's service. 

Up to the present we have not been able to control in any satisfactory way 
the hysteresis effects referred to in (I )-( 6 ), We believe that these are due to the 
presence of a thin, possibly monomolecular, layer of alkaline chlorides which 
forms on the cylindrical electrode in the test chamber as a result of the action 
of the COClj on the alkali metal vapour condensed on it. The formation of 
thin lajrers of alkali metals on other metallic electrodes by deposition of the 
atoms which evaporate from the alkali metals in vacuum tubes is a well- 

* A word of warning is nooessaiy in this oonneotion; on one occasion a violent explosion 
took place whilst cleaning the alloy from a glass vessel with (XJI 4 alone. It is possible 
that these may have been some impurities in this sample of OCl^ which may have started 
this reaction. 
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recognised phenomenon in the field of thermionics. The layer of salt sabee- 
quently formed would be expected to be a good insulator when snfficientiiy 
dry and the hysteresis effects referred to are of the character to be expected if 
the outer electrode were covered with a very thin layer of such insulating 
material. Up to the present the main attack has been concentrated on the 
observation and mciasurement of the total current emitted by the alloy under 
various conditions, as the conditions which give rise to the h 3 r 8 teiesiB effects 
are not a serious obstacle in dealing with the saturation currents. 

The preliminary procedure was practically the same throughout the whole 
set of experiments and tlie following description is applicable to all of them. 
After the degassed alloy had been monnted in position, the whole of the 
apparatus (test chamber, MacLeod gauges, reservoir and the COClj supply 
tube with the COClj frozen in liquid air) was exhausted to the limit of the Gaede 
pump, i.e., to between 10 ~® and 10 ~* mm. of mercury. The Pirani gauge was 
set working, with the thermostat always at 31-0 ± 0 * 02 ° C. and a saturating 
potential of about — 16 volts was applied to the alloy. The evacuated reservoir 
was cut off from the pumping connection. Then, provided the Pirani gauge 
indicated that the leaks in the test chamber were not greater than about 
lO"® mm. per minute, the tap was opened to admit the alloy, and a small 
driving pressure of COj was applied to force it through the nozzle. Generally, 
the alloy flowed very erratically for some time after it was introduced; an 
interval of half an hour or so was allowed to elapse before attempting to take 
any readings. 

After the apparatus had been used vdth phosgene in the test chamber for 
some time, it was found that there was a small negative emission from the drops 
even when the supply of COCI 2 was cut off and the pump was working. These 
small currents, which are of the order of 6 x 10 "“ amp., have the following 
properties:—They may be remarkably constant in time. In one particular 
instance, this omission diminished no more than 6 per cent, during 3 hours’ 
evacuation. They are not photoelectric, for they are not changed when the 
apparatus is plunged into total darkness. They are not thermionio, for they 
consist of a stream of electrons witii a velocity distribution corresponding 
to a very high average energy of the type which characterises the chemical 
effect. The emission is reduced by a single rinsing out with air or COg, but 
comes back again slowly on re-evacuation. It can be completely got rid of by 
repeated washing out with COg and subsequent evacuation. 

There can be no reasonable doubt that this “ stray ” emission, as it is con¬ 
venient to call it, is due to the chemical action of COClg which gets dissolved 
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in the wax and tap grease present in the apparatus and is afterwards slowly 
liberated. The experiments to be described later show that the pressure of 
COCI 2 required to set up, with this particular alloy NaK, a current of 5 x 10"”^* 
amp. is only about 5 X 10*" mm. of mercury. In carrying out the experiments, 
the magnitude of these strays ” was noted, so that a correction for them 
could be made afterwards, if desired. 

The following improvement has l)eeu made in the method of measuring the 

various currents:.It was noticed that, with rather slow drops of the kind 

w hich it was desired to use, the consecutive determinations of the current under 
given conditions might differ by as much as 10 per cent. The reason for this 
is that the current from a drop de|)endB on the surface exposed to the action 
of the gas, and the surface* steadily increases from the moment the drop begins 
to form. The measured values of the emission could not, therefore, be expected 
to tally UTiless observations were made at corresponding instants of a drop’s 
grow^th, or, alternatively, averaged over many drops. The latter was imprac¬ 
ticable for any but the quickest rates of flow, so the plan of dealing with single 
drops was adopted. On the instant that a drop was observed to detach itself 
from the nozzle, the electrometer was insulated, and tlie stop watch started; 
when the next drop fell off, the electrometer was disconnected from the 
electrode, which was still insulated, and the watch stopped. The total charge 
emitted by one drop could then bo read at leisure on the electrometer scale. 
The back electromotive force on the electrode was kept small compared with 
the saturating potential by using large capacities in parallel with the electro¬ 
meter. 

This mode of observation permitted an accuracy of about 1 per cent., which 
has proved advantageous for detecting slight variations in saturation currents, 
such as occur when the alloy flow is altered. It possessed also the great 
advantage of recording the time of each individual drop ; any sudden change in 
the flow of alloy was immediately made evident. 

To sum up the practical side, then, first the magnitude of the “ strays ” 
was noted, after which gas was admitted to the reservoir, at a known pressure, 
and the saturation emission appropriate to this reservoir pressure measured 
by the method of single drops. The rate of flow of alloy was varied by adjusting 
the driving pressure of COj, and the effect on the currents studied. The resets 
vok pressure would then be increased, and the whole of these measiu:em6nts 
repeated. In general, the partial pressure or input of COClg in the reaction 
chamber was iiiferred from the previously ascertained relations between these 
quantities and the driving pressure in the reservoir, but the Piratu and MacLeod 

von. oxxx.~A, Q 
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gauge readings were taken at frequent intervals to check the pressure con¬ 
ditions. As has been mejitioned, after a change in the reservoir pressure it 
is necessary to wait some minutes until equilibrium is established in the reaction 
chamber (see fig. 2), In addition to the very small ** stray ” emissions described 
above which were due to COCI 2 diffusing out of the tap grease, etc., and which 
decayed very slowl}' with time, others of much larger magnitude were frequently 
present. These wore caused by quantities of COClj free in the apparatus, 
usually the residue from the previous day’s experiment, which was quickly 
cleaned up by the first rash of alloy. For these two reasons the first few read¬ 
ings taken after turning on the reservoir and alloy were sometimes of doubtful 
significance. 

The saturation current depended on the sixe of the drops ; for rates of flow 
slower than 12 drops per minute the drops appeared to be all about the same 
diameter, viz., 4 to 5 mm. If, however, the alloy was speeded up by increasing 
the pressure of COg, a certain rate was reached for which the diameter of the 
drops suddenly became quite small, and if the driving pressure were further 
increased the alloy issued as a thin, unbroken stream about J mm. in diameter, 
the diminution of size being accompanied by a sharp decrease in the saturation 
current. The critical speed at which this change set in depended upon the 
particular nozzle in use at the time, but usually lay between 15 and 40 drops 
per minute. 

§ 2. Ths Emission as a Function of the Rate of the Drops at Different 

Pressures. 

Typical data showing the emission plotted against the time of one drop at 
different pressures are exhibited in figs. 3 to 10. In interpreting these, con¬ 
sideration must be paid to the various matters affecting the experiments which 
have just been discussed. In the different experiments, the time of one drop 
ranged from about 2 to about 50 seconds, but the principal interest lies in the 
phenomena shown by the drops for which the time is not less than 5 seconds. 
These data cover a range of reservoir pressures of COCIj from 0*026 mm. to 
22*8 mm., the corresponding range of maximum partial pressure in the testing 
chamber (in the absence of alloy) being 10^^ to 4*4 X 10 "® mm. and of COCl* 
input from 4 x 10*^^ to 3 X 10"^ gm. per second. For convenience of reference 
the experiments have been numbered la, 15, Ic, 2a, 26, 2c, etc., meauing that 
three investigations were made with the one nozzle No. 1 on successive 
occasions a, 6, c, and so forth. 

At the lowest pressures, as in fig. 3, the distribution of the experimental points 
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exhibit considerable irregularity. Tim is due to the fact that the currents 
are so small that the effects of strays are now serious and probably also there 



Fios. 3-“l0. —ig^mean saturation current, Qg - totai change from one drop, 
p — partial pressure of COCIg (in absence of alloy). 1 - input of COOli in grn,/«cc. 


are fluctuations in the pressure in the apparatus at these low pressures. More 
definite conclusions can be drawn from observations made at an appreciably 
higher pressure, such as those shown in fig. 4. This figure, in fact, illustrates 
a number of interesting points, as well as some experimental difficulties, 
associated with these experiments. It will be seen that the points taken first 
indicated thus 0 lie on the whole lower than those indicated thus ^ which 
were taken later. We interpret this as meaning that there was some accumula¬ 
tion of COClj in the apparatus in the course of this experiment. The currents 
in fig. 4 for a given rate of drops are also somewhat larger than those foimd at 
the same reservoir pressure on the previous day. This suggests that such 
acounmlation had been going on for some time. It is therefore probable that 
the maximum partial pressure in fig. 4 is underestimated in comparison with 
other similar cases in which such changes were not found to be occurring. 

Q 2 
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In any fig. 4 clearly demonstrates that the electron current diminishes 

as tlie time T of the drops increases from about 5 to 50 secotids. The change 
prodiK^ed by varying T from 10 to 50 seconds is not very largc% the current 
falling from 1*42 X to 1*25 x 10"^*' amp. For very fast drops it is 
evident from fig. 4 that ^ is reduced appreciabl3^ This is, presumably, because 
the drops get smaller and the conditions are no longer comparable with those 
obtaining when the slower drops are falling. 

An examination of the data incorporated in figs. 3 to 8 and other similar 
data within the same range of low pressures showed that all the Iq — T curvCvS 
were approximately hyperbolic, so that we may put 

(io ~ a) (T -f 6) — k, (3) 

where a, b and k are constants which depend on the gas pressure. 

We now turn to fig. JO, which shows the result of an experiment made at 
the much higher reservoir pressure of 22 • 8 mm. In absence of alloy, this would 
have set up a pressure in the testing chamber of 4*38 x 10'* mm. The 
phenomena exhibited at this concentration of gas were in striking contrast 
to those described above ; the currents were now almost directly proportional 
to the speed of the alloy. This is depicted in fig. 10, where the total charge 
from one drop is shown to be practically independent of T (which is, of course, 
only another way of stating the same thing). The appearance of the drops 
also changed remarkably ; instead of a succession of bright, nimble pellets 
there exuded dull, sluggish, pear-shaped globules, which slithered off the 
nozzle, often leaving behind them stalactite-like tails of the alloy petrified 
within a skin of reaction products. Measurements under such conditions 
could only be of the roughest description. The pressure in the apparatus 
underwent wild fluctuations the whole time the alloy flowed ; the entry of a 
fresh drop was heralded by a jerk of the Pirani bridge galvanometer. When 
the natural inertia of the Firani gauge is taken into consideration, it will be 
realised that the pressure pulsations which could impart such a lively motion 
to such a ponderous instrument must have been violent indeed. For these 
reasons the somewhat irregular distribution of the points exhibited by fig, 10 
is not surprising. More consistent results, which demonstrate clearly the 
independence of the total charge emitted by one drop, of the time of the drop 
at these high pressures were got in the experiment the results of which are 
shown in fig, 9. The pressure during this experiment is not known exactly^ 
but it was about the same as that during the observations of fig, 10, 

Figs, 3 to 10 do not include the whole of the observational material of this 
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kind which was obtained. A number of other experiments were maile witi* 
n^sults which served to confirm the conclusions which have been drawn from 
the experiments which have been described. 

§ 3. The Eminsion as a Function of the Gas Pressure for Different Rales 

of Drops, 

By inter- and extrapolation of all these experimental results a table was 
drawn up showing the saturation current as a function of (.OC^ concentration 
for standard rates of flow of the alloy, namely, for the time T of one drop 5, 
10, 15, 20, 25, 30, 35. 40, 45 and 50 seconds. These, together with some other 
relevant data, are exhibited in Table L Owing to the large range of variation 
of saturation currents (t'o) and of partial pressures (p) (roughly 10,000-fold), 
the data of Tabic 1 are best exhibited logarithmically as in fig. 11. The curves 
with points marked thus: O, jK, B, Q, and ^ show log. against 

log. p for rates of flow of alloy of 1 drop in 5 (about) 8, 10, 15, 20, 25 and 35 
seconds respectively. As has been explained in § 1, p is tlie limiting partial 
pressure which would hold if there were no alloy flowing. The curves with 
points marked thus x and + show, to the same scale, log. iy against log. T for 
T = 6 and 10 seconds respectively, where 1 is the input of COClj in gram, per 
second. The two seta are very similar, which shows that 1 and p may be con¬ 
sidered fairly equivalent measures of the concentration of COClj»in the apparatus. 

The data for the slower arc not so complete as for the faster drops ; this 
was due to the high room temperatures prevailing during these expt'riments. 
Often the nozzle offered so little resistance to the flow^ that the alloy ran out 
very fast even when the driving pressure of COg liad been nnhiced to zero ; 
the only way of varying the flow under these conditions was to shut oiT the 
tap to the testing chamber and allow the column of alloy bidow to flow o\tt 
under its own weight, tlie drops becoming progressively slower as the head 
of alloy diminished, A nozzle w^hicli was quite satisfactory at oa(> temperature 
was practically useless at a temperature 10® C. higher. 

However, fig, 11 proves the following :— 

(1) ty increases continuously with p from zero up to a critical value in the 
neighbourhood of p == 10“' * mm, Hg. This critical value depends upon the 
alloy flow; it is smaller, the slower the drops. As p increases beyond the 
critical point, the saturation currents rapidly approatih upper limits, the 
magnitudes of which are almost exactly inversely projK)rtional to the times 
of the drops. In other words, the greatest charge emitted by any drop is 



Table I. 

COCl:: — NaK ; (Saturation Currents (in amperes) for various Alloy Flow 
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independent of T. Thin conclusion has already been drawn from figs. 9 and 10 
which represented observations at the. higher pressures. 



Fig. 11.-—T = Time of 1 drop in seconds. ~ Saturation emission, p - -- Partial pressure 

of COCl) in millimetres Hg. I = Input of CfXllj in gr. per second. 

The slopes of both input and partial pressure curves are almost constant for 
p less than about 10~* mm., and are each a little higher than unity, so that 
increases rather mote rapidly than it would if it were proportional to p. More 
precisely, for 0*0005 > p > 0, 

to = A . = BP *’, approximately, (4) 

where A and B are constants. We also infer that p does not increase quite in 
proportion to I: 


(5) 
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We incline, however, to the view that the emission is really proportional 
to the pressure at low pressures, the apparent deviations being due» to the 
fact that the actual values of the pressure are not known and to other 
subsidiary causes. 

(2) Iq depends upon T at all pressures ; the intercepts on any line of constant 
pressure depict the variation of ^ with T at fixed pressure. Interpreting the 
data broadly, we may say that at high pressures is inversely proportional to 
T, whilst at low values of //, may be taken as independent of T without 
serious error, a condition of affairs which it tends to approach exactly, as p 
tends to zero. 

The experimental data were gathered under such a diversity of conditions 
as regards shape and size of nozzle (which must have decided the diameter of 
the drops), and its position with respect to the holes in the electrode, that it is 
(lifiBicult to say what the exact shai)e of the middle parts of the curves in fig. 11 
should be. In aU probability, were it possible to eradicate the differences 
which occur from one experiment to another, the curves would be found to 
diverge continuously in the manner indicated in fig. 12. 

It does not assist matters to neglect the composite curves altogether, and 



Fro. 12. 
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deal with the data of separate tests: the table below gives the ratio (T = 2 16); 
»o (T = 5), for various reservoir pressures P. 


Table IL 


1 

P (tnio.). 

1 

0-61 1 

ion 

3-82 

3*96 

S-43 

9*20 

22*8 


.:,(T = l6)^ . 

<■. (T = 6) . / 

1 

O&l 

0 87 

0*78 

0*96 

0*83 

0*97 

0-34 


These figures are curiously inconclusive; the inconsistencies cannot be due 
merely to errors of measurement. 

(3) All the facts are in agreement with the conclusion that the maximum 
total charge which can be emitted by any one drop is a fixed quantity, which, 
however, would presumably be proportional to the size of the drop. 

It has been observed on many occasions that at high pressures no more 
charge is given off from a drop after a certain time has elapsed, no matter how 
long the drops may continue to hang in the gas. The latter part of the life 
of the drop is unproductive of current, yet this interval is added in for com¬ 
puting the mean current; for this reason it is somewhat artificial to de^l with 
currents, the more natural way being to deal with charges. 

It is not certain whether the cessation of electron emission observed with 
slow drops at high pressures is due to the cessfition of the chemical action or 
to the formation of a layer of reaction products which is thick enougli to 
absorb all the electrons generated. In any event, this effect of the reaction 
products must be important. Emission of charge takes place immediately 
the reaction commences, and as the skin of chlorides thickens, more and more 
of the slower electrons are prevented from reaching the outer electrode owing 
to the retarding action of the layer of reaction products, so that we should 
expect the mean current to depend on the time during which a drop hangs in 
the gas at all pressures. Naturally, the effect would be very small for low 
concentrations of active gas, and more noticeable for higher concentrations. 
Emission woidd thus proceed until the reaction products had accumulated in 
sufficient quantity to prevent further emission. No drop could emit more 
charge than that corresponding to the amount of chemical action which takes 
place during the building up of the totally arresting layer. This might be 
true whether the chemical action were arrested at this stage or not. Whether 
or not a given drop can send off the limiting bharge would therefore be decided 
by the gas pressure and the time during which the drop remains on the noxzle. 
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The limiting charge for globiJes of NaK of about 4 xmn. diameter appeara to 
be somewhat in the region of 2-0 X 10“^ coulomb. On this view the general 
features of the variation of with T at different pressures are at once accounted 
for. 

An idea of the thickness of the totally arresting layer can Ik* got by assuming 
that every molecule of COClg which impinges on the alloy leaves two molecules 
of chlorides on it. This estimate will probably be too high, but it should in 
any event give an upper limit. At the critical pressure = 4 x 10*“* cm. 
(of mercury), at which the log. i : log. p curve becomes flat for T ^ 15 seconds, 
the usual kinetic theory formula? shows that 9*3 X 10^® molecules of COCl^ 
would strike unit area of the surface of the drop during this interval. If 
these were all effective, the layer formed would bo about 10* molecules deep. 
This estimate is probably not very far wrong, as it is clear from inspection of 
the drops in this condition that they are covered with a skin whose thickness 
is not small compared with the wave-length of light. If each of the molecules 
of COClg which struck the surface generated an electron, the total possible 
quantity coming from 9*3 x 10^® molecules would be 4*5 x 10* c.s.u. or 
1-5 coulombs. Since the actual electron emission appears to be of the order 
2 X 10**" coulomb, it seems, even when every allowance is made for the factors 
which reduce the yield, that the emission of an electron is a comparatively 
infrequent event in the chemical process. 

§ 4. The Disirifmtion of Energy atnong the Emitted Electrms, 

The additional information which we have obtained about this question 
is less complete than we should have wished on account of the difficulties 
raised by the hysteresis effects. What appeared to be two fairly good 
measurements were obtained, one (3a) at a pressure of COCI* about 
2*2 X 10“*® mm., and one drop in 14 seconds, and the other (2c) at a 
pressure of 1-07 X 10"** mm. and one drop in 44 seconds. It was 
found impossible to work simultaneously the method of single drops and 
Townsend’s null method (balancing out the back electromotive force on the 
electrode by passing a charge through a condenser in parallel with the electro¬ 
meter) referred to in (4) and used also in (5). The null method was therefore 
abandoned. The back electromotive force was kept as small as possible by 
using large capacities in parallel with the electrometer. The final potential 
between electrode and alloy was calculated from the electrometer deflection, 
which enabled the slope, as defined in (5), to be fixed within narrow limits. 
The determination (2c) with p == 1-07 X 10*"* mm., T =?= 44, gave a slope of 



Emission of Electrons. 235 

3*3, the “ equivalent temperature ” being about 3600'^ K., the one (3a) with 
p ™ 2*2 X 10*® mm., T ~ 14 seconds, gave a slope of 4-3 the equivalent 
temperature to which is 2760"^ K. 

In addition to these, a rougher estimate could be got for a much lower pressure 
by making use of the persistent small stray effect described above. In this 
experiment, the saturation current was 6*5 x 10*^ amp. which from equation 
(4) corresponds t/o a paitial pressure p 5 x 10“^ mm. The time of one drop 
in this experiment was about 47 seconds. The slope of the straight part of 
the <tV : V curve was determined as 2*46, which corresponds to an equivalent 
temperature of about 4500"^ K. 

It will be convenient here to catalogue the various determinations of these 
equivalent temperatures which have been made at different times and under 
different conditions. 

(1) In (6) Richardson and Brotherton made 44 determinations at pressures 
of OOClj between 0*001 and 0• 01 mm., between 2 • 8 x 10*^ and 7 • 5 x 10*** 
amp., T between 1 and 60 and composition of alloy ranging from 50 per cent. 
K to 90 per cent. K. In none of these did the equivalent temperature T° K. 
differ by 5 per cent, from the mean value 2368° K. 

(2) Experiment (2^^) just described in which p ^ 1*07 X 10”^ mm., T ™ 44 
and T° K == 3600° K. 

(3) Experiment (3a) just described in which p - 2-2 X 10*® mm., T — 14 
and T K.2760° K. 

(4) Various determinations in (3) under different conditions of p, T and alloy 
composition. As judged from the magnitude of the saturation current, the 
pressure must have been varying considerably throughout a single experiment 
in many of the determinations. For the two experunents which showed the 
least variation in the saturation current the values of p as estimated from this 
qtiantity were 3 X 10*® and 5 X 10*® with a mean value of 4 X 10*® mm. 
The data of these experiments treated in various ways gave a value for T° K. 
of 3300" K. with an estimated accuracy of about 10 per cent. 

(5) The experiment with the “ stray emission for which p ^ 5 x 10*’ mm* 
T 47 seconds, which gave T° K. = about 4500° K. On account of the small 
number of points and the smallness of the currents this determination is, from 
the point of view of obvious experimental errors, much rougher than the others 
and might involve an uncertainty of 30 per cent. 

The most striking thing about these determinations is that all the values 
got with p < 0*001 mm. are appreciably higher than the constant value got 
by Richardson and Brotherton in (5) for values of p greater than this limit. 
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It cannot be asserted with confidence that any of these values difEer from 3600^ 
K, by an amount which exceeds the possible errors which may be concealed 
in these experiments. Even at a pressure as low as 6 X 10“^ mm, the measured 
equivalent temperature has not got above 4500® K., a value which might be 
reduced owing to obvious experimental inaccuracies to as low as 3500^ K. 
It seemSj therefore, rather certain that at low pressures this equivalent tempera¬ 
ture settles down at a value which is not very different from that determined 
in (3). From the present experiments it looks as if most of the rise from 
2368® K. to the higher value takes place in the range of pressure just below 
0*001 mm. In fact, it seems likely that most of this change is complete by 
the time the pressure is sufficiently reduced for the straight part of the curves 
in fig. 11 to be reached. In order to adopt this interpretation, it is necessary 
to suppose that the experiment No. 3a of this paper is affected by some 
hysteresis changes, as there is notliing in the way of obvious experimental 
errors which could raise this determination from 2760® K. to, let us say, 3300® 
K. We cannot, however, deny the possibility of a hysteresis effect of a magni¬ 
tude sufficient to have cjaused such a displacement. 

While the exact value of the equivalent temperature of the electrons emitted 
at the lowest ascertainable pressures is uncertain and must be left for future 
investigation, the experimental evidence establishes quite definitely that it is 
a very high temperature of some thousands of degrees. This fact shows tliat 
this phenomenon of electron emission is a true characteristic of the chemical 
action involved and is not a secondary effect arising from thermionic emission 
due to the rise in temperature caused by the heat generated by the chemical 
action at the surface of the metal. This statement, or an equivalent one, has 
been made before, but it does not seem to have carried complete conviction. 
However, a little reflection on the magnitudes involved will show that the 
conclusion is correct. 

Consider first the maximum average temperature which the drop as a whole 
can attain. An upper limit for this can be got by assuming that every mole¬ 
cule of COOla which strikes the surface of the drop reacts with it and that all 
the heat generated at the surface goes into the drop, none being lost by con¬ 
vection or radiation. This amount of heat is n^QTS, where is the number 
of molecules striking unit area of the drop, whose total area is S, in unit time, 
Q is the heat of reaction per molecule and T is the time of a drop. Taking Q 
as the equivalent of 1 *9 x 10^ gm. calories and dividing by the heat capacity 
of a typical drop, radius 2 mm. and T == 16 seconds, this gives for the upper 
limit to the average temperature of a drop when the pressure of COClj is 
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4 X 10”’ mm. ()'026“ C. Since the heat is generated at the surface it is clear 
from this result that the rise in temperature at the centre is a very small 
quantity compared with 1000*^ C. 

We now calculate an upper limit for the temperature of the surface of the 
drop. We are only concerned with the order of magnitude of this temperature, 
not its exact value, so we do not need to bother with the spherical problem. 
It is sufficient to consider the similax problem of a plane sheet whose thickness 
is equal to the radius r of the drop. This is subject to the chemical action on 
one side which is raised to a temperature 0, that of the other side being 6(,, 
The maximum value of 6 will be given by 

noQ-a(e‘- 0o‘)H--(e-6„), 

T 

where a is the radiation emissivity and k is the thermal conductivity of the 
material. This equation assumes that every impinging molecule reacts and 
neglects any loss due to convection. A consideration of the magnitudes 
sliows that the effect of the radiation term is unimportant and atp — 4 x 10”’ 
mm. of mercury we find for the upper limit of 0 — 0^ the value 1 -i) x 10*"* '^C. 
It is quite evident that the rate of generation of heat at the surface of the drop 
at these low pressures is too small to cause any appreciable increase of tempera* 
ture either of the surface of the drop or of the drop as a whole. There is no 
possibility of a local heating to some thousands of degrees which the thermionic 
emission idea would require. 

This conclusion is valid whether the reaction spreads uniformly over tlu? 
surface or whether it spreads sideways in patches. A patc^h must be at least 
one molecule thick ; otherwise it seems to have no meaning. Patches cannot 
raise the foregoing maximum temperatures, which are deduced on the assump* 
tion that every molecule of COCla reaching a given area reacts completely. 
If the reaction is localised, it cannot proceed anywhere at a greater rate than 
this ; so that the local temperatures cannot be higher than the above values. 
The opportunity for the heat generated to flow away will, in fact, be somewhat 
iaoreased, so that the maximum local temperatures will be correspondingly 
reduced. The whole amount of heat communicated to the drop if the reaction 
proceeds in patches will also be less than the maximum amount calculated 
above, since only a fraction of the molecules of COCIj which strike the drop 
will react with it imder this mechanism. 

We are glad to have this opportunity to express our indebtedness to the 
Government Grant Committee for a grant to one of us (0, W. R.) and to the 
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Department of Scientific and Indtxstrial Research for a grant to the other 
(L. G. G.). Without these grants it would have been impossible for us to 
have carried this work to its pi’esent stage. 

Summary. 

A method is described by which partial pressures of phosgene can be con¬ 
trolled and their changes measured down to 10“^ mm. Hg. Tlie electron 
emission from NaK in this gas has been measured down to directly measured 
pressures of lO**® and to extrapolated pressures of 5 X lO""^ mm. under various 
conditions. In contrast to the results at pressures above 10** mm., the emission 
is now found to be a function of the gas pressure as Richardson originally 
supposed. This fimction is determined by the experiments. Evidence is 
also brought forward to show that the experimentally determined velocity 
distribution function among the electrons approaches a limit as the pressure 
is reduced. 
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Address of the President, Sir Ernest Rutherford, O.M., at the 
Anniversary Meeting, December 1, 1930. 

At this, our Annual Meeting, we are naturally conscious of the severe losses 
in our ranks in the course of the year. We have to deplore the removal by 
death of some of the best known and most valued Fellows, including Lord 
Balfour and Sir William McCormick, elected under Statute 12, Professor Le Bel, 
Foreign Member, and twelve Fellows of the Society. 

The death of the Earl of Balfour at the age of 82 removed from our midst 
a public figure of the first magnitude. Although Balfour’s activities covered a 
wide field, and although through a great part of his career he carried heavy 
responsibilities in guiding the affairs of the Nation, science was always with him 
a topic of primary interest. If he cannot be said to have made original con¬ 
tributions to scientific knowledge himself, there can be no doubt that his 
championship of the cause of science was of the greatest indirect benefit. As 
First Lord of the Treasury in 1900, he did much to help forward the scheme 
for the National Physical Laboratory, in which his brother-in-law, Lord 
Bayleigh was interesting himself. He was constantly called upon to preside, 
or to speak, at meetings for the furtherance of scientific objects, or the com¬ 
memoration of the great scientific careers of the past, and seldom failed to add 
disfcinotion to such occasions. He may indeed be regarded as a chief 
interpreter of science to the English public during his generation. He was 
President of the British Association at Cambridge in 1904. He was elected 
to the Royal Society under Statute 12, as early as 1888, at the age of 
40 years. He served on the Council in 1907-08 and again in 1912-14. 
But, perhaps, his chief w'^ork for science was in his later years, after the most 
active part of his political career was over. In two successive terms of office 
as liord President of the Council, he was the Minister responsible for the 
Department of Scientific add Industrial Research, and for the Medical 
Research Council. Of the latter body he acted as chairman until the 
onset of his illness. He watched the scientific interests under these depart¬ 
ments with close personal attention, and did much to establish than on 
a permanent basis. Finally, to him was due the Committee of Civil Research, 
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complementary to his older creation of the Committee of Imperial Defence. 
He was Cliancellor of the Universities of Cambridge and Edinburgh, and 
President of.the British Academy. His is a place which will not easily be 
filled. 

Sir William McCormick, who died suddenly in his seventy-first year, had 
a very varied career of si^rvice to the Universities and to the State in many 
capacities. At one time Professor of English in University College, Dundee, 
he became the first Secretary of the Carnegie Trust for the Universities of 
Scotland. He was for many years Chairman of the University Grants Com¬ 
mittee where his personal influence and advocacy were largely instrumental in 
obtaining the increased grants for the Universities in the difficult post-war 
period. He was the first Chairman of the Advisory Council of the Department 
of Scientific and Industrial Research which was set up in 1916 under the 
pressure of the war to organise the application of science to industry. The 
success of this Department, which is known to you all, was in no small part due 
to his financial acumen and organising ability. Although not trained as a 
scientific man, he had a wide interest in science and sympathy with the 
scientific outlook and worked loyally with his band of scientific advisors— 
originally all Fellows of our Society. The Society was glad to recognise the 
value of his services to Science by electing him a Fellow under the special 
statute. His charm of manner and breadth of outlook endeared him to all 
his friends, and he will be greatly missed. 

The death of Admiral Sir Henry Jackson at the age of 76, has caused deep 
regret in both naval and scientific circles. When in the Navy, in 1891, he began 
experiments to test the utility of Hertzian waves as a means of communication 
between ships at sea, and was largely instrumental in the rapid development of 
this method of signalling in the Navy. As early as 1902, in a paper to our 

Proceedings,^^ he drew attention not only to a failing of signals but also to 
their reappearance as the distance between the signalling and receiving ships 
increased. During the war, he was appointed as First Sea Lord in 1916 when 
Lord Fisher left the Admiralty. On his retirement from active service, he 
was appointed, in 1920, Chairman of the Radio Research Board, instituted by 
the Department of Scientific and Industrial Research. In this capacity he 
did admirable work in encouraging researches* on the fundamental problems 
of radio-transmission. He was elected to our Fellowship in 1901 and w^s 
awarded the Hughes Medal in 1926. His charm of manner, simplicity of 
nature and devotion to duty endeared him to all those with whom he came in 
contact. 
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In Percy Alexander MacMahon the mathematical world has lost a dis¬ 
tinguished and enthusiastic worker of marked individuality, as well as a most 
attractive personality. An algebraist of great resource and insight, he was 
early attracted by the theory of invariants (in the most extended sense) and 
symmetric functions, and his discoveries in connection with the differential 
operators in these theories gained at once the warm appreciation of the great 
exponents, Cayley and Sylvester. By a natural sequence he was led on to 
intrkmte problems of Combinations and Probability, to which his researches 
had already opened a line of attack. His work on these subjects was after¬ 
wards collect(;d in the two volumes published under the title “ Combinatory 
Analysis,” by the Cambridge Press. An interesting by-product of his later 
years was the theory of repeating patterns, with which he occasionally amused 
an audience, and which afforded an outlet for his strong sense of humour. He 
died on Cluristmas Day 1929, at the age of 75. 

Dr. Sebastian Ziani oe Ferranti who died in January last was the great 
pioneer of electricity supply at high pressure. He was of Italian descent from 
one of the Doges of Venice, but was educated and lived all his life in England. 
At the age of eighteen, he patented the Ferranti alternator and a few ye.ars 
later, while still a young man, designed a system of supply from Deptford 
which was transmitted at 10,000 volts. Little was then known about these high 
pressures and no instruments for measuring them were in existence. Ferranti 
consulted Lord Kelvin on some abstruse points in mathematical physics during 
the course of his work. In 1892, he severed his connection with supply and 
started the firm of Ferranti, Ltd., which manufactured many of the machines 
and devices he liad perfected. He was careful to make machinea which would 
be safe for the workman to handle and loved to invent devices which lightened 
domestic drudgery, Ferranti was a great engineer and lived to see his ideas 
developed and huge high pressure networks constructed in almost every 
country. Were it not for him the world would be perceptibly poorer to-day. 
He was a man of great modesty but much personal charm. 

The premature death of Professor Hugh Longbouene Callendar has 
removed from our ranks an experimental physicist of great ability and 
insight. Elected Fellow of Trinity College, Cambridge, in 1886, he first 
devoted himself to the development of platinum thermometry as a means of 
very accurate measurement of differences of temperature. In 1893 he 
became Professor of Physics in McGill University, Montreal, and was largely 
res{KmBible for the admirable equipment of the then new Macdonald Physics 
liabcvatory. While in Montreal he began his researches on continuous 
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eleotrical calorimetry and had a wide influence in promoting intereat in 
research in that University. After a short term of service in University 
College, London, in 1902, he was appointed Professor of Physics in the 
Imperial College of Science and Technology and filled this chair up to the 
time of his death. An unusually careful and accurate experimenter with 
marked interest in engineering applications, he devoted himself to accurate 
measurements of many important quantities in heat, and in this respect was a 
worthy successor of Kegnault. One of his last pieces of work was the 
preparation and publication of accurate steam tables which have proved 
of great utility to industry. A man of wide training and all-round capacity, 
his death has left a gap in the scientific world which is difficult to fill. 

Edwin Tullky Newton, who died in his ninetieth year, was for many years 
a leader in the study of fossils in Great Britain. Interested in natural history, 
he attracted the notice of Huxley and became his assistant. In 1882 he was 
appointed pateontologist to the Geological Survey and held this post until 
his retirement in 1906, Some of his most fundamental contributions to verte¬ 
brate palsDontology are contained in three memoirs published in our Trans- 
actions.’^ He was elected to our Fellowship in 1893 and was awarded the 
Lyell Medal by the Geological Society. 

Mr, Alan Abchibald Campbell Swinton was a member of our Council 
at the time of his death. Trained as an electrical engineer he took an 
active part in the development of the electrical industry both as consulting 
engineer and as a director of many companies, A man of wide scientific 
interests he was one of the first to obtain X-ray photographs in this 
country, and was much interested and helpful in the early development 
of experiments on radio-communication. Of wide reading and sympathies, 
he was well known to scientific men and was a familiar figure in scientific 
gatherings. He was most interested in the work of the Society and served 
on a number of its committees as well as on the Council. The Society is 
much indebted to him for a generous gift of £1,000 in 1926 to form the 
nucleus of a General Purposes Fund. 

Kenneth Joseph PeevitA Obton passed away on March 16 last in his 
fifty-ninth year. After his student days at Cambridge, Heidelberg and London, 
he joined the chemical staff of the Medical School at St. Bartholomew’s Hospital, 
and in 1903 became Professor of Chemistry in the University College of North 
Wales at Bangor. Orton carried out original work on the mechanism of organic 
chemical reactions and developed more particularly the study of the chlorina¬ 
tion of aromatic compounds; he was one of the first systematically to apply 
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physico-chemical methods to the study of organic reactions. Orton was a 
vigorous and refreshing perso(nality with many interests lying far outside his 
particular branch of chemistry; he was an experienced field geologist and 
ortiithologist. He devoted himself with enthusiasm to the development of 
the University of Wales and his early death leaves all who are interested in 
Welsh education under a keen sense of loss, 

John Oliver Arnold, who died on March 27 last, at the age of 71, was 
closely identified with the progress of the metallurgy of steel. Appointed 
while a young man to the Professorship of Metallurgy in the Sheffield Technical 
School, he saw the growth of that institution into the Applied Science Depart¬ 
ment of a University, and established a connection with the steel industry 
which has had lasting effects. It Is largely due to his efforts that scientific 
control has been so generally adopted in metallurgical works, whilst his own 
researches did much to forward the appli(iation of metallographic methods, 
originally due to his fellow townsman, Sorby. 

The death of Joseph Achille Le Bel on August 6 last, takes from among us 
one of the veterans of French chemical science. In 1874, simultaneously with, 
but independently of, van’t Hoff, Le Bel enunciated the doctrine of the 
asymmetric carbon atom and thereby laid the foundation of modern stereo¬ 
chemistry ; it would be difficult to over-state the part which this fundamental 
theoretical conception has played in the development of structural organic 
chemistry, Le Bel, who was born in Alsace in 1847, received our Davy Medal 
in 1893, and was elected a Foreign Member of the Society in 1911. In 1926 
he made a gift of money to the Society with the request that you subsidise 
research rather than subsidise students, for I think have plenty and to 
spare of savants who have fattened on examinations, but not enough of the 
people who employ their time in solving problems of interest. Hitherto 
the Royal Society seems to me to have used its money well I ho]>e that it 
will continue.” 

Herbert Hall Turner, who died suddenly at a meeting of the International 
Union of Geodesy and Geophysics, was Savilian Professor of Astronomy at 
Oxford. In 1893, when photography was beginning to be applied to the deter¬ 
mination of positions of stars, he introduced the methods of reduction which 
have been employed with little modification ever since. He devoted himself 
very energetically to the project of the International Astrographic Catalogue, 
and having completed his own (Oxford) section in good time, rendered assistance 
to other observatories which were behindhand. He was also interested in 
Variable stare and seismology, both of which subjects gave scope for his favourite 
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theme—haimouic analysis and the search for periodicities. He performed 
still greater service to astronomy by the infinite pains he took to assist and 
encourage the amateurs and the younger men and to keep in touch with those 
working in isolated observatories in the Dominions and elsewhere. A very 
ready speaker, a genial chairman and leader in any kind of activity, he will be 
greatly missed at astronomical meetings and conferences. 

Harold Daily Dixon entered Oxford with a classical scholarship in 1871, 
but soon turned his attention to science under the influenco of Dr. A. Vernon 
Harcourt; in 187() he commenced those experimental studies on gaseous 
explosion witli which he was cK;cupied until the morning of his death. During 
his early work he showed, contrary to the conclusions arrived at by Bunsen, 
that the explosion of gaseous mixtures is governed by Berthollet’s law of mass 
action ; he also discovered tJmt oarcfully dried mixtures of carbonic oxide 
and oxygen t^annot be ignited by an electric spark, and so opened up a new and 
fertile field of investigation which is still under exploration. Dixon carried 
out a large amount of difiicult but very precise work on the high speed of travel 
of the explosive wave in gaseous mixtures and was the first to make careful 
measurements of tin* ignition temperature of such mixtures. In 1886 he was 
appointed to succeed Sir Henry Roscoe as Professor of Chemistry in Owens 
College, Manchester, a position which he held until 1922, when he was elected 
Honorary Professor in the University of Manchester. Although Dixon was 
intensely occupied throughout his life with scientific work of fundamental 
importance and far-reaching consequences, he devot-ed himself with enthusiasm 
to furthering the academic, social and athletic activities of his University. In 
this, his administrative gifts, liis brilliance and felicity as an exponent, and 
his power of arousing enthusiasm in his students, made him again a command¬ 
ing figure. As one of the foremost authorities on gaseous explosion, Dixon 
was frequently called upon to assist in Government enquiries into coal-mine 
disasters. He was elected to the Society in 1886 and was awarded a Royal 
Medal in ,1913 ; he delivered the Bakerian lecture on “ The Rate of Explosion 
in Gasesin 1893. On September 18 last he passed away suddenly in his 
seventy-ninth year, whilst retaining unimpaired until the end those mental 
gifts whicli so many of us have been privileged to admire. 

William Diller Matthew, Professor of Pateontology in the University of 
California, was bom in Canada, and though domiciled during the whole of his 
scientific career in the United States of America, retained the nationality of his 
birth. For thirty years he was associated with Dr, Henry Fairfield Osborn, in 
the charge of the gireat collection of fossil vertebrates in the American Museum 



Annu'ermry Address by Sir Ernest Muther^ford. 245 

of Natural History, New York, to wliich collection Matthew’s own discoveries 
in the Western States greatly contributed. In 1927 he accepted the chair in 
California, with the expectation of a long period yet before him for further work 
on the fossils of far Westt^rn America. His investigations and writings have 
played a large part in the development of knowledge of the extinct vertebrates 
and theories concerning their evolution, and the science of palaeontology has 
suffered a heavy loss by his death at the early age of 59 years. 

Dr. John Wiluiam Kvans, who was admitted a Fellow of the Society in 
1919, was a geologist of wide and varied experience. He had carried out 
important geological investigations in Southern and Western India, and in 
South America, besides occupying himself with many problems in theoretical 
geology. Of late years he had given much attention to the application of 
geogruf)hical methods to the study of the. earth’s crust. 

1 shall Tiow pass to a discussion of some mattei^ of general interest to the 
Society. In the Report of the Council for last year, it was announced that the 
Committee, which was appointed by the International Research Council to 
revise the statutes now in force, had adopted all the suggestions which the 
Council of the Royal Society had made. Since then the Committee’s Report 
has been considered by the Executive Committee of the Research Council 
which has adopter! it after making a few modifications and has recommended 
these revised statutes to the General Assembly for approval at its meeting in 
July, 193L The changes introduced are all in the direction of giving to the 
Unions greater freedom in arranging their own affairs, the Council performing 
the function of a co-ordinating body. The Unions will be members of the 
International Council and will have representation in the General Assembly at 
its triennial meetings. The new Statutes are such as should facilitate that 
international co-operation in science which it is the aim of the organisation 
to promote. 

At these anniversary meetings the President has frequently taken the 
opportunity of putting before the Society some recent and important develop¬ 
ment of science within the sciope of his own personal interest. To-day, on 
this lost occasion of my addressing the Society from this chair, 1 have felt 
rather disposed to look back over the whole term of my Presidency, and into 
that of my immediate predecessor, and to put on record some of my impressions 
of the work of the Society and of the way in which it is responding to the new 
opportunities for the promotion of science which have come to it in this present 
period. 
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I propose, then, to review briefly some aspects of the history of our Society 
since the end of the war, and to point out the way in which the responsibilities 
and work of the Society have increased during this period. While in the course 
of its long history, the Society has received numerous bequests for scientific 
and general purposes, shortly after the end of the war the funds at its disposal 
were greatly increased by the receipt of four major benefactions. I refer to 
the bequests of Miss Lucy A. Foulerton in 1919, of the late Dr. Rudolph Messel, 
F.R.S., in 1921, of the late Dr. Ludwig Mond, F.B.S., in 1923, and the notable 
benefaction of our valued friend Sir Alfred Yarrow, F.R.S., in 1923. Miss 
Foulerton’s bequest was made specifically for the promotion of research in 
the Medical Sciences, while the terms of those by Dr. Messel and Dr. Mond 
and of the gift from Sir Alfred Yarrow allowed the Society a wider discretion 
to utilise the interest on the resulting funds for the general object of our 
Society, namely, the “ improving of natural knowledge.” Taking these 
benefactions as a whole, they provide resources for the promotion of research 
in practically the whole range of the natural sciences which our Society 
represents. 

Under the Presidency of Sir Charles Sherrington, the Council considered 
with great care the best method of employing these new resources and decided 
to apply a large part of the incomes of the Foulerton and Yarrow funds in the 
first instance for the institution of Research Professorships. The first holder 
of such a Royal Society Professorship was the late Prof. E. H. Starling, 
appointed Foulerton Professor in 1922. A second Foulerton Professorship 
was created in 1926, Prof. A. V. Hill being appointed. On the death of Prof. 
Starling, a Foulerton Professorship was awarded to Dr. £. D. Adrian in 1929. 
In 1923, Prof. A. Fowler and Mr. G. I. Taylor and in 1924, Prof. 0. W. Richard¬ 
son were appointed Yarrow Professors of the Royal Society. 

The Council further adopted regulations for the Messel and the Mond 
funds, subject to periodical review, which provided for the eventual use 
of these funds for the support of further professorships as the need and 
opportunity might arise. Wisely, as I think, they and their successors were 
content to watch for a time the general effect on scientific progress of the 
Foulerton and Yarrow appointments, holding meanwhile in reserve the 
similar opportunities which the Messel and Mond funds would enable them 
to offer. My close personal contact with him and his work enables 
me with special pleasure and warm approvid to announce that this year 
the Council have appointed Dr. Peter Kapitaa, F.B.S., Fellow of Trinity 
College, Cambridge, to a “ Messel ” Professorship of the Royal Society. I 
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shall have occasion later in my address to refer to the important researches 
on which Dr. Kapitza has been engaged in recent years, and to the arrangements 
made with the University of Cambridge for the provision and upkeep of a 
laboratory suitable for his inveijtigations. 

In my address to the Society in 1928 1 reviewed briefly the work of the 
Royal Society Professors up to that date. As I then pointed out, we have been 
fortunate in securing the services of a group of men of marked research ability. 
There has been an output of work of high quality and importance, and I am 
sure we can all agree that this new experiment of endowing research professor¬ 
ships has proved an unqualifled success. In all cases, the holders of our pro¬ 
fessorships have been heartily welcomed by the Universities and Institutions 
with which they were associated, and they continue to carry out their investiga¬ 
tions under excellent conditions. I think there can be no doubt that the 
appointments so far made have not only added materially to the strength of 
the research side of the universities concerned, but have led to a marked 
increase of the research power of the nation. 

While our Professors have been allowed a wide discretion in the work they 
perform, and in many cases direct the work of research schools, and give 
advanced courses of lectures, there is undoubtedly a general opinion 
that, at the present time, it would not be wise to increase unduly the 
number of our Research Professors. There is always the danger that any 
substantial increase in the number in the near future might lead, in a sense, 
to the segregation of some of the more vigorous elements in the research 
life of our Universities from that intimate contact with students and inspira¬ 
tion of their work which, in the case of many investigators of the highest 
rank, is an essential part of their contribution to the advancement of Science. 
In instituting these Professorships, the Society has been engaged in a novel 
experiment and, successful though the result has been, it is still desirable that 
we should proceed with caution and reconsider our policy from time to 
time as our growing experience suggosts. 

In addition to the six professorships which are supported from the trust 
funds obtained since the war; the Society now offers for the encouragement of 
younger research workers eight Studentships and Fellowships, namely, the 
Sorby, and Smithson Fellowships and the Foulerton, the Mackinnon, two 
Moseley, the Tyndall, and the Lawrence Studentships. The second Moseley 
Studentship has been established during the year in consequence of ihe 
augmentation of the Moseley fund by a bequest from the late Mrs. SoUas* 
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These Fellowships and Studentships are all financed from funds left to the 
Society for the specific purpose of their creation. In my address last year, I 
referred to the institution of a new Research Fellowship, financed from the 
bequest left by the late Mr. E. W. Smithson. The first appointment to this 
Fellowsliip has now been made and I shall say a few words later on the work of 
the new Fellow. 

Taking into consideration the provision now made for the support of research, 
to mention only some of the major sources, by grants from the large Govern¬ 
ment funds administered by tlie Department of Scientific and Industrial 
Research and the Medical Research Council, by the studentships offered by 
the 1851 Commissioners, and by the Fellowships for research in the Medical 
Sciences created by the Beit Memorial Trustees, it is clear that financial 
support, is now available from a number of different sources, for young 
research workers of promise in this country. 

As I have pointed out, the funds held in trust by the Society for the further¬ 
ance of research in various branches of science have been very greatly increased 
during the past ten years and now amount to more than £6(X),000. The major 
increase occurred within the short period of five years from 1919 onwards, 
and the Council, fully conscious of its responsibility on behalf of the Society, in 
providing for the use of these great resources for the advancement of science, 
proceeded as I have indicated, with proper caution. After the appointment of 
the five first research professors, and the creation of the studentships for which 
certain bequests were spcifically made, the Council had still a substantial 
margin of income from some of the larger funds, and this has been invested, 
while plans for its use to the best ptirpose were being matured. In this way 
about £72,000 has been added to capital, while in each year a considerable sum 
is still being received in dividends which has not yet been definitely allocated to 
any special research. Another reason for an initially cautious policy in 
expending these trust funds, was the difficulty of foreseeing the financial com¬ 
mitments of the Society due to its already existing activities. For example, 
the rapid increase of the volume of the Society’s publication after the War, and 
the disproportionate rise in its cost, involved an increasing call on the funds 
available for this purpose. The Council at that time considered that one of 
the greatest services which they could render to Science, with the funds at 
their disposal, was to facilitate the publication of the results of research at a 
cost rendering them accessible to the widest range of scientific workers. The 
Council to-day have not moved from this opinion, but they have been Able 
better to survey the Society’s policy in relation to that of the scientific world in 



Anniversary Address by Sir Ernest Rutherford. 249 

general, and to estimate more clearly the probable needs of the future. It now 
seems unlikely that there will be any substantial increase in the amount of 
publication during the next few years. Moreover, the Council during the 
present year have given careful consideration to the cost of publication and 
have decided on an increase in the price of the Society’s ‘ Proceedings ’ and 
' Transactions ’ to external subscribers. Though the price is still low in com¬ 
parison with that of other scientific publications and in relation to the increased 
cost of production, the cliange should result in the release of a substantial 
sum which carj be allocated for other purposes. 

It would, therefore, seem that the time has arrived when we may with 
prudence consider how some at any rate of the accumulated income from our 
trust funds may be best expended in promoting some form of scientific 
reseaixdi. 

Experience has shown that the encouragement of research by minor grants 
for spefdai apparatus and material is in reasonable measure provided for by the 
Government Grant, supplemented from the Society’s own research funds. 
The grants to individual investigators from such sources are usually small but 
sufSct? to assist materially important researches of a limited scope. 

The situation, however, is very different when we consider large scale 
investigations of a pioneering character, which may require considerable 
financial sxipport extending over a period of years in order to provide the 
neceasary apparatus and technical assistance to bring the investigation to a 
definitti conclusion. Few of our Universities or other Scientific Institutions 
are sufficiently well endowed to support large scale researches of this kind, 
even when the research appears of marked promise and when the idea and the 
man are forthcoming. In considering the best method of utilising the balance 
of the Society’s present resources, the Council decided that it could best help 
the advance of science by assisting major researches of this character, 
and after careful consideration, wore impressed with the fundamental 
importance of the researches at present being carried on by Dr. P, Kapitea, 
at Cambridge, and the need for continuing this work on a more permanent 
basis. 

It may be helpful at this stage to give a brief history of the origin and 
development of the work on which Dr. Kapitza has been engaged for the 
past eight years. Trained as an electrical engineer, he was lecturer in 
Physics in the Petrograd Polytechnical Institute during 191&-1921. In 1921, 
he came to England and commenced research work in the Cavendish Labora¬ 
tory, Cambridge, In 1922, he began experiments to test the possibility of 
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obtaining intense magnetic fields by sending very strong currents throngb a 
coil for such a short interval that the heating effect in the coil is restricted to 
a permissible value. With the assistance of a grant from the Department of 
Scientific and Industrial Research, special accumulators were contructed to- 
give the necessary intense currents for a short intoval of about 1 /50 of a second. 
In this way, fields up to 200,000 gauss were obtained, and it was found 
practicable to carry out experiments by this method, fox'example on the Zeeman 
effect and on the deflexion of a-particles. In order to carry these experiments 
still further, it was necessaiy to have a method of obtaining currents still 
larger and more under control. For this purpose, a generator of special design 
was constructed which gives, on short circuit, a current of about 70,000 amperes. 
The heavy current from the generator is passed for about one-hundredth of a 
second through a coil and is then broken by means of a specially designed auto¬ 
matic break. The Department of Scientific and Industrial Research gave a 
very substantial grant for the construction of this apparatus, while Sir William 
Pope kindly provided a temporary laboratory to instal the plant and to carry 
out the experiments. In 1926, the laboratory was opened formally by the 
late Lord Balfour, then Lord President of the Council, who had throughout 
taken an active interest in promoting these large scale experiments. Thia 
pioneering investigation, which was carried out in connection with the Caven¬ 
dish Laboratory, was only made possible by the generous and bold support of 
the Department of Scientific and Industrial Research, which, up to the present, 
bas defrayed the complete cost of the apparatus and of the subsequent 
investigations. 

One of the chief difliculties in these experiments has been to construct a 
coil strong enough to withstand the enormous disrupting forces which arise 
when a large current is passed through the coil X number of coils have been 
constructed which give magnetic fields of between 300,000 and 400,000 gauss 
over a volume of about 3 c.c. There appears to be no inherent difficulty why 
fields of the order of 1 million gauss should not be obtained, when called for, 
by this method. As the current through the coil only lasts for about 1/100 
second, oscillograph methods are used to determine the strength of the current 
and magnetic field and to follow the changes in the properties of the material 
under investigation. There is no special difficulty in conducting experiments 
with these momentary fields. In fact, a single photograph, obtained in 1/100 
of a second, may give a complete quantitative record of the magnetic effects 
produced in a material over a wide range of magnetic field. 

The application of these new methods of producing intense magnetic fields 
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opeoB up a wide field of research where all maguetic properties oau beexamiued 
in fields 10 to 30 times greater than those hitherto available by the use of 
electromagnets. 

As soon as the apparatus was in working order, experiments were begun by 
Dr. Kapitza to investigate the change of resistance of crystals of bismuth in 
these intense magnetic fields from atmospheric temperature to that of liquid 
air. This was followed by an extensive investigation of the behaviour of a 
large number of metals under corresponding conditions. In general, it was 
found that the change of resistance was at first approximately proportional to 
the square of the magnetic field, but above a certain critical field, which varied 
from metal to metal, the change of resistance tended to become linear. On 
the basis of these new results, he has suggested a new way of looking at 
the phenomena which underlie the electrical conductivity of metals and its 
variation with temperature. Preliminary experiments have also been made 
on the action of these strong fields on the paramagnetism and diamagnetism 
of certain substances, while a new and sensitive apparatus has been constructed 
to study magnetostriction effects. An account of the apparatus and the 
experimental methods, together with the results of some of these investigations, 
has been published in our ‘ Proceedings.’ 

Magnetic phenomena are shown in their simplest form at very low tempera¬ 
tures when the complications due to the motion of the atoms and molecules 
are largely avoided. In order to obtain temperatures still lower than that of 
liquid air, a liquid hydrogen plant has been installed during the present year, 
and is now in working order. Preliminary arrangements have been made 
to instal a liquid helium plant when this is required for the investigations. 

The grant given by the Department of Scientific and Industrial Besearch 
for carrying out these researches expires in a few years, while the laboratory 
temporarily lent for the purpose of these experiments is now required by 
the Chemical Department. The Department of Scientific and Industrial 
Research, by its broadminded and far-seeing action, has done a groat service 
to science in thus supporting, through their initial stages, investigations having 
no obvious or immediate application in practice or industry. Their support 
for an indefinite further period, however, could hardly be part of the Depart¬ 
ment’s policy. On the other hand, it appeared to the Society’s Council, that 
investigations of this kind, in which new fields of knowledge are being opened 
up by new methods, had a peculiarly strong claim for support from those funds 
which they were holding ready for the furtherance of fundamental researches 
in pure science. 
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After full consideration, therefore, the Council, in addition to appointing 
Dr. Kapitza to a Messel Profejssorship, agreed to offer the Universitj^ of Cam¬ 
bridge the sum of £15,000 for the building of a suitable laboratory vt^ithin the 
next three years, provided the University was prepared to offer an appropriate 
site and to defray the running expenses of the new laboratory. Negotiations 
have taken place with the University of Cambridge and, though the matter 
has not been formally sanctioned by the University, the Council of the Society 
has received assurances which make them confident that the offer will be 
accepted and that the University will provide the necessary funds to carry out 
the work. If the University of Cambridge concurs with these proposals, the 
Royal Society will thus have been instrumental in founding a new and 
up-to-date laboratory, primarily designed for carrying out researches in intense 
magnetic fields, but at the same time providing the essentials of a modem 
Cryogenic Laboratory for the study of magnetic and other effects at the lowest 
attainable temperatures. 

It is proposed that a Committee should be appointed, which would be 
responsible for the direction of the work of the Laboratory, The name of 
the laboratory has not yet been settled, but it would clearly be appropriate 
if it indicated the connection with the Royal Society and with the late Dr. 
Ludwig Mond whose beqtiest furnished the income from which the cost of 
the laboratory will be defrayed. It should be noted that among the purposes 
indicated in the will of Dr. Mond for the use of his bequest was “ erecting 
new laboratories/* 

It will be remembered that, thirty years ago, this country was pre¬ 
eminent in the study of effects produced on matter by the low temperature 
produced with the aid of liquid hydrogen. It will be recaUed that the late 
Sir James Dewar, with the technical assistance of'Mr. Lennox, first produced 
liquid hydrogen in quantity in the Laboratories of the Royal Institution in 
1898, and in 1899 the first solid hydrogen was obtained. It was as early as 
1893 that Dewar devised tlie vacuum flask which has proved to be of such 
fundamental importance in the technique of low temperatures and has so 
greatly simplified the handling of liquid gases. It is of interest to note that it 
was decided in 1902 to construct a liquid hydrogen plant, of capacity of about 
6 litres of liquid hydrogen per hour, as a British Government exhibit to the 
St. Louis Exposition in 1904. This plant was placed in the competent hands 
of Mr (now Sir) Joseph Petavel and I well remember the interest of his demon¬ 
strations of the properties of liquid hydrogen at that Exhibition. Borne time 
later, a small liquid hydrogen plant was installed by Dr. Travers, of University 
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CoU^e, in the Laboratory of the late Sir William Ramsay. In the meantime, 
an efficient Oryogenio Laboratory had been established at Leyden, under the 
direction of the late Professor Kamerlingh Onnes, For.Mem.R.S. All of 
you are aware of his success in liquefying helium and of the wide range and 
importance of the investigations carried out on the effects of low temperatures 
on the properties of matter. It was only a few years ago that Prof. Keesom, 
who followed Onnes in the charge of this Laboratory, was successful in 
producing solid helium. 

A few years ago, owing to the energy and enthusiasm of Professor J. C. 
McLennan, F.R.S., liquid hydrogen and helium plants were installed in the 
University of Toronto, and have proved their utility in a number of important 
researches. In recent years modem equipment for the liquefaction of 
hydrogen and helium has been installed in the Reichanstalt, Berlin, by Dr. 
Meissner, and very valuable results have been already obtained. Dr, Franz 
Simon, of the University of Berlin, obtains the temperature of liquid helium 
by an ingenious method involving the use of liquid hydrogen and the 
absorption of helium gas by charcoal. 

I am sure it will be gratifying to the Society to know that we may soon expect 
to have an up-to-date Cryogenic Laboratory on a small scale in this country, 
and thus to take part again in the exploration of this important field of 
enquiry. 

I should emphasise the point that the Council in deciding to incur the 
liability of the expense of this now laboratory have utilised the income alone 
of certain trust funds, while the capital of each remains intact. There is still 
a substantial amount of income from these Trust Funds to be allotted, in 
accordance with the general aim adopted and kept in view by the Society’s 
Council, for the furtherance of fundamental research in pure science. The 
policy which they may be expected to maintain in the future, is to keep watch 
over the whole field of scientific activity, in readiness to give help where there 
is promise of an important advance, and where the right man for its conduct is 
available. The Coimcil look with confidence for help and support from the 
whde body of Fellows in the important responsibilities which they have 
accepted and have still to undertake on behalf of the Society. 

I believe that it is in helping such important schemes of research that the 
Society can best utilise any research funds which it already possesses or which 
may become available in the near future. It not infrequently happens that 
a promising line of research or the development of a new method may be held 
up or abandoned because of the difficulty of obtaining adequate financial 
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support. In some important directions, advance can only be made with the 
help of technical assistance in the construction and use of special apparatus, 
in some cases on an almost engineering scale. 

By its constitution, the Society is especially well fitted to advise and 
support invest^ations of this kind with a minimum of that bureaucratic 
control which is generally so distasteful to the original investigator. While 
with our modest funds, we can only hope to support a few of such under¬ 
takings, I am sure that if more funds were needed for such an important 
purpose they would soon be forthcoming. This extension of the activities 
of the Society, whereby it is taking an active and essential part in advising 
and assisting in the development of fundamental science in this country, 
cannot fail to have a vitalising effect not only on scientific workers in 
general, but on the Society itself. Along such general lines, it is not difficult 
to foresee that the Society will exert an ever increasing influence on the 
progress of science and thus promote still further the original intentions of its 
founders. 

1 referred earlier in my address to the institution by the Society of the 
Smithson Research Fellowship. The Society was fortunate in obtaining 
applications for this Fellowship from a number of distinguished investigators 
in different branches of Natural Science. The Selection Committee, consisting 
of representatives of our Society and of the University of Cambridge, did not 
find it an easy task to make a selection from among such an able group of 
investigators. 

The first award of the Smithson Fellowship has been made to Dr. P. D. F. 
Murray. After a distinguished undergraduate cmeer in the University of 
Sydney, Dr. Murray spent two years in research work in the Department of 
Comparative Anatomy at Oxford, and since 1926, has been lecturer in Zoology 
at the University of Sydney. Nearly all his work has been in the field of 
experimental embryology, and he has investigated with conspicuous success, 
the factors which determine the differentiation and shaping of the limbs and 
other parts of the body, mostly by the method of transplanting small portions 
of early embryos on to the chorio-allantoic membrane, where their development 
proceeds, apart from the influence of the other tissues of the mnbryo. By this 
procedure and by the method of tissue culture, Dr. Murray proposes to examine 
the cellular differentiation of the developing chick, which underlies the coarser 
morphology. He will work in the first instance at the Strangeways Reseatoh 
Laboratory in Cambridge. 

Mr. A. H. White, for so many years in charge of the Library of the Society, 
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has retired this year on pension. Many of our Fellows and particularly our 
senior Fellows, are well aware of his devoted work in the interests of the Society 
for such a long period, and of his unrivalled knowledge of the Society’s books 
and history. In recognition of these services, on his retirement, Mr, White 
has been given the title of Consulting Librarian to the Society, He has been 
succeeded in his office by Mr. R. Winckworth, 

Before I pass on to the presentation of medals, my last official act before 
the termination of my Presidency, I should like to express my gratitude to 
the officers and Council of the Society for the consideration and kindness 
they have uniformly shown me. My path has been made easy by the very 
efficient help that I have received both from the present officers and those who 
have retired during my term of office. I would like also to express my thanks 
to Mr. Towle and the other members of the staff for their unvarying help and 
kindness. I can assure my distinguished successor from my own experience 
that he will find his work made pleasant by their ministrations. It has been 
a great honour for me to preside at your counsels and gatherings, and I can 
assure you that I have been happy to serve the Society to the best of my 
powers. I thank you all for this great opportunity and privilege of service. 

The Copley Medal is awarded to Sir William Bragg. 

To the rapid advance of Experimental Physics in the last thirty years, Sir 
William Bragg has made conspicuous contributions by his pioneering researches 
in Radioactivity, X-rays, and Crystallography. When Professor in the Uni¬ 
versity of Adelaide, he was the first to realise, in 1904, the characteristic 
difference to be expected in the nature of the absorption of the massive 
a-particle and the light j3-particles expelled from radioactive substances. 
His experimental researchea brought out clearly the rectilinear path of 
the a-particles and their limited range of travel. In collaboration with 
his students, he examined in detail the variation of the ionisation of the 
a-particle along its path and its absorption by different kinds of matter. 
In his researches in X-rays and Y’^ays, he was impressed by the difficulty 
that these high frequency radiations behaved like projected corpuscles—a 
difficulty which has only been in part resolved to-day. Following the discovery 
by Laue of the diffraction of X-rays by crystals, he was the first to develop 
a methcwi for showing that ordinary X-radiation gave bright lines super¬ 
imposed on a continuous spectrum. This reflection method of studying the 
spectrum of X-rays has proved of great importance to the development of 
knowledge^ In the hands of Moseley, it supplied a means of showing that the 
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atoms have all a similar structure and that their properties are defined by a 
whole number. In the hands of Sir William Bragg and his son, Professor W. L. 
Bragg, it has provided a powerful tool for unravelling the structure of crystals. 
In this important development, which has added widely to our knowledge, 
Sir William Bragg has taken an active part, not only by his own researches, 
but by the direction of an imx>ortant school of research cm this subject at the 
Boyal Institution. His work throughout is characterised not only by 
simpliciiy and elegance but by a clear grasp and exposition of the essential 
principles involved. 

The Bumford Medal is awarded to Professor Peter Debye. 

To Professor Debye are due many important advances in the field 
of heat and radiation. He introduced and developed a theory of the 
specific heats of solids which -is of fundamental importance. By it, 
for the first time, the main phenomena relating to specific heats and their 
variation with temperature were quantitatively explained. He made 
important contributions to the theory of the scattering and reflection of 
X-rays. Independently of Compton, he put forward the quantum theory 
of the change of frequency due to the scattering of X-rays—the Compton effect. 
H e was one of the inventors of the powdered crystal method of X-ray crystal 
analysis. By his introduction of the idea of spatial quantization and by his 
nvestigations relating to the electric and magnetic properties of molecules he 
did much to advance our understanding of radiation and molecular phenomena. 
In collaboration with Hiiokel, Debye has developed a theory to account for 
the properties of strong electrolytes which has many important applications. 

A Boyal Medal is awarded to Professor Owen Willans Biohardson, F.B.S. 

In his earlier work, Biohardson had laid the foundation of Thermionics— 
a subject of the greatest theoretical and practical importance. He was the 
first to study in detail the escape of electrons from hot bodies in a vacuum 
and to give the correct interpretation of the phenomena. His investigataomi, 
continued over many years, led him to originate many of the fundamental ideas 
connected with the emission of electrons from hot bodies which are now 
universally accepted. His work on photo-eleotxic emission was also of 
fundamental importance, and in it many of the now generally accepted ideas 
relating to interaction between radiation and matter were suggested. Among 
many important contributions in other fields was the prediction and oalott- 
lation of the gyro-magnetic effect—the rotational torque acccunpuiy the 
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magnetiaation of a rod. Duriag the last teu years he has continued to make 
many important contributionB towards the clearing up of difficulties in the 
subjects of his earlier investigations. In addition^ he has done important 
work on electron emisaion associated with chemical action. He and his 
students have contributed largely towards filling up the gap between the 
ultra-violet and X-ray spectra. His main work in recent years has related to 
the hydrogen molecule, and has afiorded a detailed test of the new quantum 
mechanics when applied to one of the simplest structures for which the old 
quantum mechanics breaks down. Kichardson has throughout his work 
shown a most unusual combination of experimental skill and ingenuity with 
theoretical knowledge and insight. 

A Royal Medal is awarded to Professor John Edward Marr, F.R.S. 

At a time when few believed it possible Professor Marr discerned a delicate 
time-scale in the Lower Pateozoic Rocks, chiefly in the Lake District and 
North Wales, and applied it to elucidating the development of life and earth- 
structure. After testing his results in Scandinavia and in Bohemia he was 
able to make further use of them in setting in order corresponding rocks in 
South Woles. He has worked out the structure, origin and development of 
the mountains, lakes and rivers in Lakeland and elsewhere in the North of 
England, pioneer work which has been eagerly followed up by his pupils and 
successors. His work in association with Dr, Barker on the metamorphism 
brought about by the great mass of granite of Shap Fell on the rocks into 
which it was injected has become classic, and has inspired the rapid advance 
now being made in kindred studies. Of recent years he has contributed 
largely to knowledge of the Cambridge district, and particularly of the 
Pleistocene Deposits and their relation to Early Man there and in East Anglia 
generally. For some thirty years he gave invaluable assistance to Professor 
Hughes at Cambridge before succeeding him in the Chair. His labours 
during over forty-five years have been the chief instrument in establishing and 
maintaming the position in training and research now held by the Cambridge 
School of Geology. 

The Davy Medal is awarded to Professor Robert Robinson, F.R.S. 

By his investigations of the chemistry of the alkaloids, he has made notable 
additions to the knowledge of the structure of these complex substance, and 
by experiment extended by theoretical discussion he has strikingly indicated 
possible mechanisms of their formation in nature. His brilliant synthetical 
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work in connection with the colouring matters of flowers has greatly prtmioted 
the study of a group of substances of outstanding interest. His theoretical 
studies of the mechanism of organic reactions, in particular substitution in 
aromatic compounds, have led to results of great value in that they enable a 
very wide range of reactions to be considered from a common point of view. 

The Darwin Medal is awarded to Professor Johannes Schmidt. 

The Darwin Medal is given in reward of work of acknowledged distinction 
in the field in which Charles Darwin himself laboured. When it is remembered 
that the store of knowledge which Darwin accumulated on board the “ Beagle ” 
in her voyage round the world was the foundation of all his lata thought and 
of his outlook on biological problems, the conditions of the award are without 
doubt fulfilled in the person of Dr. Johannes Schmidt, at the same time a 
distinguished oceanographer, and a recognised research worker in genetics of 
animals and plants. The number and extent of the voyages in small research 
vessels which Dr. Schmidt has accomplished with success, his large and varied 
collections of the pelagic fauna and flora, and the remarkable series of observa¬ 
tions, mode under his direction, on the physical and chemical phenomena of 
the sea, give him an undisputed place in the first rank of those scientific 
explorers whose labours have built up oar knowledge of the oceans of the 
world. His researches on the life-history of the freshwater eel and the dis¬ 
covery of its breeding places far out in the Atlantic have proved of such general 
interest that they are almost as well known and appreciated by the general 
public aa they are accepted and valued by his fellow-biologists, although 
in reality these researches constitute a comparatively small part of hk real 
contributions to Ibe science of the sea. It has already been said that, in 
addition to his work of marine exploration. Dr. Schmidt has devoted great 
attention to the fimdamental problems of the science of genetics. His 
breeding experiments on the tropical freshwater fish, Ldnetes, carried out in 
the Carlsberg Physiological Laboratory at Copenhagen, of which he is a 
director, are of much interest, whilst his investigations on the local raoea of 
the viviparous blenny (Zoaroes wviparus L.) are of outstanding importance 
and originality. 

The Hughes Medal is awarded to Six Venkata Baman, F.R.S. 

Sir Venkata Baman is one of the leading authorities on optics, in particular 
on the phenomenon of the scattering of li^it. In this ccmaeotion, about three 
years ago he discovered that the light’s colour could be changed by soattermg. 
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This hftd been predicted theoretically some time before, but in spite of search 
the change had not been found. The “ Raman Effect ” most rank among 
the best three or four discoveries in experimental physics of the last decade. 
It has proved, and will prove, an instrument of great power in the study of the 
theory of solids. In addition to important contributions in many fields of 
knowledge, he has developed an active school of research in Physical Science 
in the University of Calcutta. 


On the Surface Potentials of Unimoleeular Films of Long Chain 
Fatty Adds.—Part I. Experimental Method. 

By J. H. ScHULMAJj and Ebic K. Rideai,, F.R.S., Laboratory of Physical 

Chemistry, Cambridge. 

(Received June 12, 1930.) 

Introduction. 

Molecular orientation in a iihn formed at an air liquid interface was ascribed 
by Hardy* to an inwardly directive attractive force along the normal to the 
surface, the condition of minimum potential involving two terms, one relating 
to the variation in density, the other to the orientation of the field of force. A 
great impetus was given to the study of films by Langmuirf who identified in 
a complex molecule those portions iiaving large stray fields with the “ polar ” 
groups, which are accordingly attracted inwards towards the bulk phase. 
That “ polar ’’ groups do in fact possess large fields is confirmed from an exami¬ 
nation of the electric moments of compounds containing these groups. In 
previous communications} it was shown that the characteristics and phase of 
films could be affected not only by alterations in the variables of temperature 
and turo dimensional pressure as shown experimentally by Langmuir and by 
Adam, but also by altering the extent of the adhesion of tiie asymmetrically 
situated polar group to the substrate. Alterations in the extent of this 
adhesion will naturally affect the field and it is the object of this communica- 

• ‘ Proo. Boy. Soo.,’A, vol, 88, p. 903 (1913). 
t ‘ J. Amer. Chetn. See.,* vol. 39, p. 1848 (1917), 

} Lyons and Bidoah ' Proo. Boy. Soo.,' A, vo). 124. p. 323 (1929). 
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tion to attempt an examination of the behaviour of films from this point of 
view. 

The modification of an interfacial potential difference produced by the 
presence of a unimolecular film was shown by Helmholtz to be given by the 
expression 

47tnp =: AV 

where the change in potential AV is caused by n molecules per square centi¬ 
metre of the film forming substance, each molecule possessing an average 
electric moment of effective vertical component p. 

The validity of this expression is dependent on the constancy of the value of 
(X both with the temperature and with the state and closeness of packing of the 
molecules in the film. In respect to the effect of closeness of packing on tlii* 
value of (A both the experimental data of Becker* oti the thermionic properties 
of unimolecular films of the alkali metals, and the variation of the dielectric 
constants with the tempemture of substances showing the property of associa¬ 
tion (Debye, * Polar Molecules ’) lead us to anticipate that the effects of mutual 
induction between the molecules in such films may not be negligible. 

The influence of temperature on the value of p. for long chain fatty acids 
when occupying a definite area on the surface of water is likely on account of 
their size and orientation to be small. In the case of a simple dipole of moment 
p inclined at an angle 0 to the normal we obtain 

AV = innyi cos 0, 

and if this angle is governed only by the electric forces and thermal agitation 
cos 6 may be replaced, as shown by Debye (‘ Handbuch der Radiologic,* p. 
617) by the Langeviu function L(a?) where a; .is 27cn{illK . T, In the case of 
long chain acids floating on the surface of water the effective electric moment 
is made up of a number of component parts, including the difference in moment 
caused by replacement of the water surface by the terminal carboxyl groups 
and the compensating ionic double and diffuse layer under the sheet of polar 
head groups brought into existence by the presence of the polar dieet. That 
such double and diffuse layers exist under films can be concluded both from 
the experiments of Altyt on the cataphoresis of air bubbles, and of McBain 
and PeakerJ on the conductivity of liquid in contact with surface films. Also, 

• * Phya. Rev,/ voL 33, p. 1082 (1029). 

t ‘ Proc. Roy. Soo./ A, vol. 106, p. 316 (1924), vol 112, p, 236 (1926), and vol 122, p. 
633 (1929). 

$ * Proc. Roy, Soo,,’ A, voL 126, p. 844 (1929). 
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as we shall note, they are essential to the stability of films during the critical 
region of a charge of state. 

Thus the effective electric moment and the measurable vertical component 
is the result of the algebraic summation of a number of separate terms, not 
readily evaluated individually. Any enquiry into the influence of temperature 
on the value of fx should clearly be restricted in the first instance to the simplest 
possible systems. The first systematic investigations of an air water inter¬ 
facial potential difference was made by Kenrick* who noted large changes of 
potential on the addition of capillary active materials to a dilute solution of 
potassium chloride. His method of measurement, which in an improved 
form has been employed by Frumkin,f consisted in measuring the potential 
difference between a jet of solution flowing down the axis of a vertical tube and 
a stream flowing down the internal sides of the tube. These investigations 
were extended by Guyot and hy Frumkm.J 

Guyot's method differed from that of Kenrick in that he ionised the air gap 
between a metal plate and the surface of the solution by means of a radioactive 
salt. Since only differences of potential are measured the potential difference 
across the interface due to the charge caused by ionisation could be neglected. 

Guyot showed by placing an increasing number of drops of a weak benzene 
solution of fatty acid on the surface that the surface potential was directly 
proportional to the concentration over certain ranges which we now term 
the expanded state ; and attributed the constancy of (x to a limiting orientation 
of the molecule. The expansion of Labrouste§ was clearly observed. Owing 
to his method of working Guyot failed to notice the transitions between the 
vapour and expanded and the expanded and solid condensed states respec¬ 
tively, obtaining only metastable expanded films and part of the stable expanded 
state. Over this region, as will be shown, the molecular electric moment is 
constant, and is one in w^hich Guyot obtained a direct proportionality between 
the increase in surface potential and the sur&oe concentration. 

He obtained a value of 10*"^® e.s.u. for myristic acid in this state, 

but his calculations are marred by an arithmetical error, in that the Avogadro 
number was taken as 6-7,10*® instead of 6‘06.10*®. With this correction 
a value of (x = 2 .30.10""^^ e.s.u. is obtained in close agreement with the value 

♦ * Z. Fhy». Chom.,’ vol 19, p. m (1896). 

t * Z. Phys. 0hem.,» vol. 109, p. 34 (1924). 

t Guyot, ‘ C. R.,’ vd. 159. p. 307 (1914) and ‘ Arm. Phyaiquo,’ vol 10, p, 508 (1924); 
Frumkin, ^ Z. Phys. Chem.,’ vol. Ill, p. 190 (1929) and vol 115, pp. 190, 485 (1925). 

I ‘ Ann. Physique/ vol, 14, p. 164 (1920). 
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obtained in this work. Guyot was unaware of the existence of either the 
liquid condensed or solid condensed states and asc.ribed the dififerences in value 
between palmitic acid p == 2-65.10“^^ e.s.u, and myristic acid fx == 2*3.10’"^® 
e.B.u. to experimental error. Guyot and Frumkin concluded that the 
limiting potential difference obtained when an excess of the material was 
placed on the surface was characteristic for the substance, and also from some- 
what inadequate experimental data, that the surface potential was independent 
of the underlying solution except for effects due to ionisation or solution of 
the fflm^fonning substance. In previous communications {loc, cit ,) the variation 
in the crystal equilibrium spreading pressures of films with the nature of the 
substrate has been demonstrated, and as will be noted similar variations in 
the values of the surface potential are obtained. Prumkin’s extensive investi¬ 
gations reveal great changes in effective moment with the constitution of the 
polar head, and he has obtained numerous values for AVod , the limiting poten¬ 
tial differences with excess of the film-forming material. Since the numbers of 
molecules per square centimetre of surface for different substances are not 
identical when the characteristic values of AV oc on a particular substrate are 
attained, the interpretation of these values in terms of the chemical con¬ 
stitution of the polar head group cannot be regarded as more than semi- 
quantitative in character. Although he and Williams* conclude that the 
value of fx does not change with the surface concentration yet from experiments 
with capillary active soluble materials many of his values for the ratio of 
r/AV where F is the surface excess calculated with the aid of von S^yzskowski's 
equation show marked variations. Whilst no definite conclusions can be 
drawn from his data, not only on account of the insufficient accuracy of the 
experimental method for the evaluation of small values of AV, but also on 
account of the probable inexactitude of von SzyzskowskFs equation, in which 
concentrations instead of thermodynamic concentrations are used, yet the 
inference that jx is actually independent of F, the surface -concentration, 
under all conditions is certainly not definitely confirmed by experimental 
proof. 

It has been found possible to develop the method of surface potentials so 
as to give us information new and distinct from that given by the twngiti 
method on the molecular architecture of unimolecular films. This method 
also permits us to study, although in less detail, the distribution of ions in the 
substrate below the films, and also to follow the process of chemical reactions 

♦ ‘ Proo. Nat. Acid. Sci/roL 15, ^ 4<K1 <1^ 
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takmg place in the film material. It ib hoped with increaBing experience 
in technique to develop this latter phase of the investigation in some 
detail. 

In the following pages an attempt is made to study the change in surface 
potential, and thus the effective vertical component of the molecular electric 
moment, for fatty acid films in the vaporous, liquid (or expanded), the meso* 
phasic (smectic or liquid condensed state), and the solid condensed states 
respectively, as well as the effect of variation in the two dimensional pressure 
F on the values of p. 

Experimental Method. 

The method employed for the experimental examination was essentially 
that of Guyot and of Frumkin, but suitably modified to attain an accuracy 
in measurement of the potential differences of at least ± 2 millivolts. The 
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apparatus consisted of a small glass trough with bevelled edges (a) 23 cm. X 
10*5 X 2 cm. dimensions. To constrict the area of film placed upon a water 
surface in the trough a glass slide (6) operated by a horizontal glass rod with 
prongs (c) was employed. Both slide and trough edges were repainted after 
each experiment with a benzene solution ol recrystallised paraffin wax, an 
operation found indispensable when small surface concentrations of capillary 
active materials were being examined. The trough was inserted in a well- 
earthed Faraday cage provided with a wire gauze celluloid covered window for 
inspection, and with a small aperture for the glass rod (c) which operated the 
slide constricting the trough area. Inside the cage was placed on a support 
a Lindemann electrometer (d) of sensitivity of 4 millivolts per division, the 
electrometer being employed as a null instrument; the shadow of the needle 
cast with the aid of a small lamp (c) being observed through a periscope (/) 
on an etched glass scale. One electrode consisted of a calomel electrode 
making contact with the liquid in the trough, and, to eliminate liquid-liquid 
junction potentials, the same solution was employed to make up the calomel 
electrode as was used in the trough. In preliminary experiments the air 
electrode {h) consisted of a platinum plate of 1 cm. area, this being eventually 
replaced by a brass disc and holder to which a piece of platinum wire 0-6 mm. 
in diameter and 5 mm. long was attached. 

One milligram of radium bromide was dissolved in 10 per cent, nitric acid 
to which 5 mgm. of lead nitrate was added and the polonium in the solution 
was deposited electrolytically on the platinum. We are indebted to Sir Bobert 
Robertson for the radium and to the Cavendish Laboratory for a further 
supply of polonium with which to extend the investigations. The adequate 
insulation of the connection between the air electrode and the electrometer 
needle proved to be the greatest technical difficulty to be overcome. After a 
number of experiments the following method proved satisfactory. The brass 
disc holding the polonium coated wire was connected by means of a copper rod 
to an adjustable spring regulated by a screw so as to adjust the height of the 
tip of the wire above the surface of the liquid in the trough. This spring and 
screw were placed in a small ebonite block which was moulded with sulphur 
into an ebonite tray, forming a miniatur© drawbridge by means of a hinge 
attached to a large piece of ebonite supporting a sxdphur block. By means 
of a thin silk string passing through the top of the Faraday cage the draw¬ 
bridge could be raised or lowered so as to bring the air electrode into position 
over the water surface. Wires from the air electrode and the Lindemann electro¬ 
meter needle were brought to two small mercury cups formed in a block of 
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solid paraffin on the sulphur block and by means of a small electtomagnet 
operating a copper bridge piece (which can be earthed) connection from the 
electrometer needle either to the air electrode or to earth could be established 
from the outside of the Faraday cage. The usual connections are made to the 
Wheatstone bridge as well as the potential system for regulation of the plate 
voltage of the electrometer. Frequent baking of the ebonite and scraping of 
the sulphur were foimd to be necessary operations to ensure consistency of 
the potential difference measurements. To obtain accurate determinations 
over the sensitive ranges, i,e,, for vaporous films, the experiments were carried 
out on a brickwork platform built up in a cellar maintained at a uniform 
temperature. Buffer solutions were made up according to the directions of 
Clark ('* The Determination of Hydrogen Ions ”) with freshly distilled grease- 
free water. The palmitic acid (Kahlbaum) was recrystallised three times from 
alcohol, the myristic acid was kindly provided by Dr. N, K, Adam and the 
pentadecylic acid by Prof. W. Gamer. Stock solutions were prepared in 
freshly redistilled (62®--63'^) petrol ether solution, since it was found that higher 
boiling point distillates as well as benzene remained for long periods of time 
entangled with the film on the surface causing fluotuatioiis in the interface 
potential. A calibrated dropping pipette was employed and the solutions 
and pipette deliveries were checked by measurement of force area curves on a 
Langmuir trough apparatus of the type constructed by Adam and Jessop.* 
The measurements were found to agree to within 2 per ctmt. of the values cited 
both by these workers and by Lyons and Bideal {loc, ciL), After cleaning the 
surface with slides until a steady potential was reached the polonium coated 
wire being placed in position about 5 mm, above the surface by means of the 
drawbridge after every cleaning operation, a film was spread on the surface, 
the drawbridge lowered and the alteration in the potential difference caused 
by the film then determined. 

On testing the zero potentials for experiments of long duration, it was found 
that variations of only 1 to 2 millivolts were experienced for periods of 4-< 
hours. For this purpose the trough was hermetically sealed into the Faraday 
cage to avoid all dust and special precautions were taken with the insulation 
of the lead from the polonium-coated wire to the needle of the electrometer. 
Both the trough and electrometer were operated entirely from outside the 
Faraday cage* 


♦ * Froc. Roy, Soc,,’ A, vol, 110, p, 423 (1926)*, 
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The Behaviour of Myrietic Add. 

Two methods were employed for spreading films of this acid on the surface 
of N /lOO HCl. The first, that of surface solution of a crystal* by which films 
could be obtained without the aid of any mechanical contrivance. This 
usually resulted over the sensitive regions, sdch as the vaporous state, and all 
phase transitions, in giving slight distortional or hjmteresis effects in the films ; 
by this method only rough estimations of the molecular areas could be obtained. 
The second method, that of spreading the materials with the aid of petrol 
ether solutions and compressing the films by means of slides gave the exact 
area measurements on the phenomena observed in the former procedure. 

On placing a small crystal of myristic acid on the surface of water, surface 
spreading occurs (foe. cit.) and the surface tension of the water falls until the 
two dimensional pressure effecting the transition, vapour to liquid (expanded) 
film is reached. Surface solution with increase in the area of liquid or expanded 
film at the expense of the area covered with a vaporous film then proceeds 
at constant pressure. When the whole surface is covered with an expanded 
film the value of F then rises rapidly, and finally attains a new constant value 
when the crystal equilibrium film pressure is reached. On the F time curve 
tiiere is thus a period of arrest corresponding to the tranution vapour to 
expanded liquid film and a final value of F characteristic of the material 
spreading, the composition of the substrate and the temperature. 

A stiff platinum wire coated with myristic acid possessing a circumference 
pi 0*4 cm. was held by an insulated stand vertically in the surface of N/lOO 
HCl solution in the trough. The rate of rise of the value of AV thus obtained 
is shown in fig. 2 {b). The curves (a) and (c) were obtained with other acid- 
coated wires. It will be observed that an arrest is obtained at 150 to 160 
millivolts, the value being dependent on the temperature, for a period of some 
10 minutes with the larger crystals and of 20 minutes with the smaller crystals. 

We thus obtain the interestmg result that over this period of arrest fresh 
molecules are entering the film,!but there is no corresponding change in AV; 
the mean value of p must thus be sinking. We can make an approximate 
calculation of the molecular areas at the beginning and end of the arrest 
period. The rate of surface solution hrom a crystal of myristic acid is 4 * 5.10^ 
molecules per second per centimetre of line in contact with the water at 16^" C. 
With a trough area of 210 cm.‘ and an interfacial line of 0*4 cm. we obtain as 
mean molecular areas in the film at the commencement and end of the region 

• Of. Oaiy and Bidosl, ‘ Proo. Eoy. Soo.,’ A, vol, 109, p. 818 (1028); Adam and Jeasop, 
({ad., vol. no. p. 441 (1829). 
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of constant potential of 97 and 52 A* respectively. In confirmation of 
these values, measurements employing the dropping pipette and the standard 
solution of myristic acid gave values of 88-92 A* and 63-5 A* as the corn- 
mencement and end of this region. 



in figs. 3 and 4 are plotted the values of AY obtained against the mesa 
molecular area in a film obtained by spreading from petrol ether, the film 
being compressed in the usual way so as to obtain areas which are smaller 
than that corresponding to the crystal equilibrium pressure. 

Great care had to be exercised in obtaining reproducible values for AV for 
areas greater than 100 A*. In dropping the petrol ether on to the water surface 
it was noted that after evaporation of the ether the potential did not acquire 
a constant value for some time. This fluctuation appears to be due to rapid 
evaporation of the ether leaving small portions of the film not in the vaporous 
but in a condensed state, these patches unde^oing subsequent surface solution 
to attain the equilibrium conditions im]>oeed by the temperature and area of 
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the water snrfaoe available. Tbe fluctuation was found to be particularly^ 
pronounced in the case of palmitic acid where the rate of surface solution at 
these temperatures is extremely slow. 

Whilst with due precautions the values given in the curve could be obtained 
repeatedly both on expansion and on contraction of a film, there were found to 
exist two critical regions in which effects due to hysteresis were most marked. 
One was noted over the region of area 88 to 100 A*. By careful expansion 
of the film from 88 areas as large as 105 A® could occasionally be obtained 

before any change in the potential occurred. Even more marked were the 
eflEects due to hysteresis over the region of areas 40 A® to 30 A®. On rapid 
compression of the film to areas below 40*0 A® and potentials above 218 mv, 
the “ metastable ” curve (fig. 4 (a)) could be obtained, quite reproducible in 
form. The values for AV remain constant for a minute or so and then fall 
along (6), fig. 4) attaining the constant value of 219 mv. over the whole 
range of compression 40 A* to 30 A®. Whilst the attainment of the equilibrium 
value of 219 mv. was relatively rapid from areas of 35 A® and less for areas 
between 35 A® and 40 A® it was slow, but by waiting for as long as 5 minutes 
the limit of area for constant equilibrium potential was fixed definitely at 
between 39 and 40 A®. 

If at any point during the compression over the range 40 A to 30 A® the rate 
of compression was suddenly augmented metastable potentials of high value 
could be obtained ; an example of such is shown in fig. 4 (c). 

The Expanded, Liquid Condensed and Metastable States, 

Prom the figs. 3 and 4 it will be noted that in the AV area curves for myristic 
acid there exist three well defined arrest points, viz., 39-6, 53*5 and 88 A®, 
with a less well defined one between 26 and 30 A®. 

N. K. Adam (“ The Physics and Chemistry of Surfaces,*' Oxford Press) 
finds that the transition between the expanded or liquid film and the con¬ 
densed liquid film commences at 36 A® at 16C. There seems little doubt 
that this transition of condensed to expanded film as measured by the method 
of surface potentials commences at 39*6 A®. 

The commencement of the transition of the expanded state into the vapour 
state is quite clearly marked at 53-6 A® ; whilst Adam states {loc, dt,, p. 68) 
“ the area of the expanded curves extrapolated to zero compression is about 
48 A®, the limiting area is in fact difficult to measure with exactitude by the 
trough method at the low pressure of 0*20 dynes per centimetre where the 
transition takes place. 
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Hie region of the expanded film by the method of surface potentials accord¬ 
ingly extends from 39 ■ 5-53 • 5 A®, and over this region the interfacial potential 
difference increases proportionally to the number of molecules in the film. 

It is important to notice that the interfacial potential difference also increases 
proportionally to the number of molecules in the film over the metastable 
expanded phase from 39-5-25 ; if a film is placed on the surface witii a 

molecular mean area of between 40-25 A* by means of drops from a petxoi 
ether solution, the film is nearly always in this metastable expanded state and 
the values are therefore constant; it was in this region that most of the 
experimental work of Guyot and of Frumkin w-as carried out. 


On the Surface Potentials of Unimolecular Films of Long Chain 
Fatty Acids. Part II .—The Evaluation of the Resolved Electric 
Moments. 

By J. H. Schulman and Emo K. Rideal, F.R.8., Laljoratory of Physical 

Chemistry, Cambridge. 

(Received June 12, 1930.) 

In Fart I a method was described for the determination of the change in 
interphase potential at an air liquid interface caused by the presence of a uni- 
molecular film of myristic acid and the values for this change (AV) were plotted 
as a function of the molecular area. 

On application of the Helmholtz equation 

AV = 4 im{i 

wo obtain a mean value for the vertical component of the molecular electric 
moment of a molecule of myristic acid when present in a film in the expanded 
state of 

(i = 2-29.10-« e.s.u. 

A value for (x can also be obtained from the elope of the AV^n curve which 
on extrapolation to the value of n = 0 evidently does not pass through the origin 
where AV = 0, i.e., by considering the variation in surface potential due to 
a change in the number of molecules per square centimetre by comparing the 
values of the potentials over the range 63*6-40 A* then 

U (AV40 - AVso/ 4 n (»4o -««)) = 2*50.10-« e.s.u. 
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There is thiis a mean difference of 2*60 — 2*29 0*21.in the 

values of 4he moment obtained by the two methods. 

This difference must be due to a change in the zero potential after the deposi¬ 
tion of an expanded film on the surface, so that on the subsequent addition of 
molecules the increment in potential must be taken with the new zero potential. 

The zero potential at the air liquid boundary is due partly to an adsorbed 
double layer of hydrogen and chlorine ions {of. Frumkin, loc. ciL). A repulsion 
of etdorme ions and an attraction of hydrogen ions at the surface duo to the 
presence of the film would cause the zero potential to become more positive 
and so cause a change in the true value of ji 2 * 50 . e.s.u. to the apparent 
value of 2-29 .e.s.u. 

A study of the potential changes due to the adsorbed ionic double layers 
and their influence on the surface potential of thin films will be given in Part 
III. 

In the transition from the expanded to the liquid condensed states (fig. 4, 
Part I) the value of AV remains nearly constant. If we imagine the film 
compressed to such an extent that the meaii molecular area is some 33 A* 
then half the film must be in the liquid condensed or smectic state and half the 
film in the expanded or liquid state. Since these phases are in equilibrium 
with one another the work done in taking an electron across the interface in 
either state must be the same, but the ratio of the number of molecules of the 
film inecwjh state is not unity but in the ratio condensed : expanded approxi¬ 
mately 40 : 25 or 8 : 5, thus the values of the moments of mpistio acid in each 
state must be in the ratio 5 : 8 giving a mean value for ji in the liquid con¬ 
densed state of f X 2*6.10*“^* — 1*66.10““^® e.s.u., a value in agreement 
with that attained by extrapolation to A = 26 A* from the curve in fig. 1, 
where p the vertical component of the electric moment is plotted against the 
molecular area, the former being derived from the surface potentials with the 
aid of the Helmholtz equation. 

The values of fi on N/100 HCl are accordingly 1 • 66,10“^® e.s.u. fora molecule 
in the liquid condensed state at the pressure corresponding to equilibrium 
with the expanded state and 2*6 .10*^^ e.s.u. for a molecule in the film in the 
expanded state, this value being independent of the molecular area. 

Frmn fig. 4, Part 1, it will be seen that the effect of pressure on the film in 
the condensed state is to cause a rapid rise in the surface potential and thus 
in the electric moment. This effect of pressure on the films in the condensed 
state is more readily examined in the case of palmitic acid which will be 
discussed later. The electric moment of the molecule in (coherent films i» 
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tkuH smallest and constant in the smectic or liquid condensed state aad nses 
on conversion into both the expanded and into the solid condensed state. 



Pio. 1. 

The raesophase therefore represents the most stable arrangement for the 
molecular architecture which is in agreement with the freely tilted molecule 
stnicture proposed by Lyons and Rideal (loc. cit.). 

A farther examination of the behaviour of jt with the area of the molecule 
in fig. 1 indicates that the vertical component of the electric moment in the 
metastable state resulting from rapid compression of an expanded film is the 
s ame as the component (i for a molecule in the expanded state, viz., 2-5.10”“ 
e.8.u., but that if time be given, the metastable state will change into the more 
stable orientated liquid condensed state with the corresponding value of 
pi 1 • 56.10"'“ e.s.u. Likewise the variation of the component ji in the two 
transition states between the expanded film and the liquid condensed and the 
expanded and the vapour states respectively, where the molecules are in all 
probability in a horizontal position, clearly illustrates the de-orientation or 
tilting effects which must take place in a molecule in its transition from the 
condensed to the vapour states {(f. Lyons and Rideal [loc. cit .)), i.e., that the 
state of the. film is depmdent on the tilt of the molecule. 

The Vaporous and Transition State. 

From the curves (figs. 3 and 4, Part I) it wiU be noted that the transition 
tcom the expanded or liquid state (63*5 A*) to the vaporous state (90 A*) 
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occurs at constant potential, therefore the mean resolved electric moment 
must be steadily increasing to a maximum. As can be seen (fig. 1) this maxi¬ 
mum value of fji 3'73,10“*^® e.s.u. is reached at 92 A® where a very remarkable 
change takes place in the surface potential, and thus in the molecidar electric 
moment. When the area exceeds 100 A* there is a rapid fall both in the 
potential and in the value of p, this fail being almost complete at 120 A^ 
(fig. 3, Part 1). It seems difficult to avoid the conclusion that there must be an 
intt^rmediary state l)etween the expanded and vaporous states. That such a 
triiiisition must exist is rendered likely on consideration of the process of two 
(linn nsional vaporisation and condensation going on between the liquid and 
vaporous states. Whilst it is easy to visualise the process of two dimensional 
va]>orisatiori, as the tearing away of an inclined molecule from the edge of the 
liquid phase, and the detached molecule then falling down on the surface to 
assume a horizontal position as exists in the vaporous state, it is not easy to 
picture the mechanism of the reverse process. If, however, extension of the 
liquid or expanded phase can proceed to 100 A* when the area of water surface 
available per molecule is just sufficient to permit of the molecule acquiring 
the horizontal position which it normally preserves in the vaporous state, the 
sudden fall of the electric moment at 100 A* is readily accounted for*, and the 
mechanism of two dimensional vaporisation and condensation from a hori¬ 
zontally inclined litpiid phase rendered intelligible. The expansion of the 
liquid or expanded phase from 53 A^to 100 A® takes place according to measure¬ 
ments on the Langmuir trough at a constant pressure equal to the vapour 
pressure of the liquid phase. We notice that the electric moment per molecule 
is increasing over this region of expansion, due either to diminishing association 
oi the molecules, or, what is more probable, to a change in the direction of the 
vector of the electric moment as the molecules change their orientation. It 
is convenient to term these intermediary states between the normal liquid 
and the normal vaporous state as the pre-homalic and homalic states respec¬ 
tively. See fig. 1 (and fig. 3, Part I), 

The fact that a molecule in the true vaporous state possesses only a negligible 
vertical component = 1-0.10""^® e.s.u. is at present difficult to explain. 
It is possible that in the vapour state the molecules exist almost entirely as 
doublets with the carboxyl group separated only by a small distance 
ca. 2 A.U. resulting in induction between the heads and thus yielding only 
a small residual moment. 


♦ Adam and Jeasop, ‘ Proc. Roy. Soc„* A, vol. 112, p. 370 (1926). 
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The Behaviour of Palmitic Add. 

The change in the surface potential^on the spreading of palmitic acid at 
14-4'' C. on N/lOO HCl is shown in figs. 2 and 3. 
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Palmitic acid at these temperatiires possesses no expanded state, the F, A curves 
showing a direct transition from the liquid condensed to the vaporous states. 

The rate of surface solution is of the order of only on(?-hundredth of that of 
myristic acid, so to increase this a glass slide exposing 14*4 cm. of interface to 
the water coated with palmitic acid was employed as a source. Even with this 
large interface the duration of each experiment was some 4 hours. The small 
irregularities noted in fig. 2 were found to be due to the detachment of small 
crystals from the large source of acid, these undergo surface solution causing 
a temporary local alteration in the state of the film and affect the surface 
potential. It was interesting to note that a small crystal detached in this 
manner always moved across the water surface to a position of equilibrium 
directly imderneath the polonium coated wire, a phenomenon easily observed 
with pentadecylic acid crystals. The arrest points on the AV, time curve 
for spreading palmitic acid on N/lOO HCl are found to be at 85 minutes and 
145 minutes respectively. The arrest point at 145 minutes was calculated by 
means of calibrated solutions of palmitic acid in petrol ether to correspond to 
a mean molecular area of 109 ± 3 A*, but the area at 86 minutes was found 
to be more difficult to determine. From the approximate rate of the solution 
it was calculated to be ca, 200 A*. With the aid of calibrated solutions the 
region of constant potential was found to extend quite definitely from 109 A^ 
to 200 A*, after which a small but definite fall was observed at 300 A® whilst 
at 500 A* the surface potential was only 11 millivolts. The difficulty in 
ob tinning a vaporous film from evaporation of a solution in petrol ether due 
to the prior formation of condensed aggregates on the surface, which was 
not ed in the case of myristic acid was found to be much more pronounced in 
this acid. The abiupt change in the surface potential at 109 A* is similar 
to that occurring at 100 A* in the case of myristic acid, and supports the view 
that here also there exists an intermediary liquid phase, in this case in between 
the liquid condensed and the homalic vaporous state, the latter consisting of 
horijRontally inclined molecules, the electric moment being at 109 A* only 
116.10"“^® e.s.u. 

In fig. 3 the AV, area curve for palmitic acid is presented. It was found 
that reproducible and constant values for AV were obtained only for areas 
greater than 109 A* (40 mv.) where the molecules are in the vaporous state, 
and for areas smaller than 30 A® (376 mv.) in the liquid condensed state. There 
is evidence for the existence of an unstable expanded film as the potentials 
were found to be somewhat less erratic over the region 30-^0 A® than fec«n 
60-109 A*. 
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In Part III it will be nhown that the molecular electric moment for a film 
of palmitic acid on N/lOO HCl does not remain conatant, but that as the film 
is ecrpanded beyond the liquid condensed state the molecular moment rises 
until it reaches a value of 4*3,10'^* e.s.u. at 50 A* and 4*(57.10"^®e.i.u. at 
60 A* when the value of AV becomes too uncertain to warrant further calcu¬ 
lations. 

It would appear that a film of palmitic acid on N/lOO HCl is never in a stable 
liquid condensed state such as exists on acid buffer solutions, but is rather in 
the metastable expanded state. This view is supported by the behaviour at 
myxistic acid which has constant and repeatable values for a metastable 
expanded film which exists over this region. 

The Behaviour of PentadecyUc Add. 

The case of pentadecylio acid proved an interesting one since at 13*4'^ C. 
its behaviour from the F, A curves is similar to that of palmitic acid, in that 
no expanded state exists. At 20-5° C. an expanded state is obtained. Tlie 
AV time and AV area curves obtained are shown in figs. 4 and 5. It will 
be observed that the curve obtained at 13*4® C. (fig. 4 (a) )> is similar to that 
obtained for palmitic acid (fig. 3), the abrupt change in potential occurring 
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at 102 A* o(mipaz«d with 109 for palmitic acid. The curves in figs. 4, 
46 and 56 are exactly comparable with figs. 3 and 4 (Part T) for m 3 rristk! acid 



tlic abrupt change likewise takes place at 102 A* compared with 100-90 A* 
for myristic acid. These three limiting areas are closi; to those anticipated 
for the three acids in the state of closely packed horizontally inclined molecules^ 
and lends strong support to the view that films of long chain compounds can 
exist in this state or phase, which we have designated the homalic state. 

Pentadecylic acid possessing an odd number of carbon atoms in the chain 
exerts a greater equilibrium surface pressure than myristic acid, the values 
being 15 and 11 dynes respectively on N/lOO HCl. This fact is reflciitcd in 
the limiting potentials attained by the films when in equilibrium with crystals, 
the values being AVoc , 310 mv. for pentadecylic and 260 220 mv. for myristic 
acid. 

It is here interesting to note that a film spread from an excess of petrol ether 
solution gives the value of 393 ± 3 mv. for both acids; the films under these 
conditions are in the motastable expanded state, the same is found true for 
palmitic acid (396 mv.). 
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As a result of these observations it would seem possible to suggest that a 
filrn spread from an (ix<^es8 of petrol ether solution of a fatty acid has the SMie 
qualities as a film obtained l>y quick contraction of its free area by means of 
slides which re^sults, as shown, in metastable films. 

Fig. 5 (a) shows that a film of pentadecjdic acid at the temi)erature 20*5'^ C* 
has not an entirely stable expanded state, but that if no care is taken in oou* 
tracting the free surface of the film, an unstable expanded film is obtained as 
shown in curve a, which compares wdth the curves obtained at low tempera¬ 
tures, fig. 4 (a). 

This spreading characteristic of pcntadticylic acid proves of value in com¬ 
paring the results of measurements made with petrol ether solutions over the 
region of the expanded state and in the transition to the liquid condensed state, 
with those obtained by means of spreading from a crystal. It will be seen in 
comparing fig. 2, Part I, for the spreading of m 3 Ti 8 tic acid with fig. 4 (6) for the 
apreading of pentadecylic acid at 20*4° C. that in the former the transition 
from the expanded to the liquid condensed state is not obtained owing to the 
low value of the equilibrium spreading pressure, but that in the latter this 
transition can be obser\’'ed at surface potentials which correspond with those 
obtained by spreading with the aid of petrol ether (fig. 56). 

We may summarise the data obtained lor the three acids in the following 
table :— 


Acid. 

State. 

Areas in 

h. 

Millu 

volte. 

Mean 

Klootrlc moumot 

X 10^ e j.u. 

Myriatic. 

Jjiq^uid oondetwoci . 

{ 23-20*0 1 


1-66 (?) 
2-29-1.47 


1 Trauiiition . 

> 2fl-S0-5 

219 

17**) 

Metafiftablo expanded .... 

i 39*r>-ca. 22 

219-396 

2-29-2.31(i:M2*6) 


Expanded . 

I 3»5-53(5 

164-219 

2 *29-2.23 


Pre-homalic .. 

i 53*6 88 

154 

2*23-3*6 

i 

Horn«Jio (vajx)iir) . 

! ca. 95 

40 (ca.) 

\0 

PenfcaUooyJir . 

Li<iuid condoasod. 

! 

__ 

___ 

(Tempo raturo 21- 

Traneition . 

j 42-26 

221 


23^ C.) 

Expanded ... 

1 42-64 

221-^163 

oa. 2 *4 


Ppo-homalic . 

64-98 

163 

24~4-02 


Homalic or vapour. 

! 102 

i 

40 

1-05 

Palmitic. 

(Temperature 14- 

Liquid condensed buffer 
solutions (Part III) ... 

1 

1 

[ 


1*59 (ii) 

17** C.) 

Expandod— 

Stable.. 

! 26-60 

382-360 

2 6-4*7 


Unstable . 

60-l0»i3 

360-40 

4-7-0*91 


Homalic (vapour) . 

; 109±3 

40 

1*16 
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We may likewise compare these values with those calculated from the 
experiments of Guyot and of Frumkin. 


PaliQitio acid. 

1 Myristic acid. 

1 

fi for myrifitic aoid X 10^* e.s.vt. 
at the following areas in X*. 

Observer. 

JVoc in millivolte. 

4«-7 

1 38-» 

1 

1 

1 

j 34*7 

23-1 

390 

382 

! 2 02 

2 07 

_i 


Frumkin. 

395 

39a 

— 


2-3i 1 

2-29 

Guyot. 

39« I 

„ .. j 

394 

! 

1 2*28 

2*29 

2-29 

2-31 

Thia investigation. 


It wii] }>e noted that the values attained in this investigation agree closely 
^vith those calculated from Guyot’s data over the region examined by that 
author. 


The Effects of Tempemiure. 

like eft’ect of temperature on the interfacial potential difference for myristic 
acid in the transition from the pre-homalic to the liquid expanded states is 
very small as noted in fig. 2, Part I, a temperature rise from 15 • 8® C. to 21 • 8® C. 
causing only an increase in the values of AV from 152 mv. to 160 mv. or 1*33 
niv® V, 

It was noticed that, in spite of comparative large temperature differences 
14 22® C., the area at the transitions of the expanded state remained constant 
to within about 1 per cent. It would seem that the variation of surface 
prtjBSure, if it does not affect the mean orientation of the molecule, is not a 
factor which governs the surface potential. Experimental evidence tends to 
show that AV over the expanded phase is not affected to any large degree by 
viwriations in temperature, compared with the change in V with temperature 
as shown by N. K. Adam and Jessop. 

A systematic attempt was made to obtain values of AV at varying tempera¬ 
tures, but electrical leaks across the ebonite sulphur surface due to water 
moisture condensation prove at present insurmountable experimental 
difficulties. 

At first the cellar was used as an air thermostat and kept at different tempera* 
tuxes, and later for higher temperatures the apparatus was built into an air 
thermostat, but constant and repeatable resiilts could not be obtained at 
temperatures higher than those mentioned above. 







S80 


J. H. Schulman and E. K. RideaL 


A Comparison between the Tilt of the Molecttles and the Foitte of fl¬ 
it will be seen that one obtains, except for the solid condensed phase, a 
characteristic vtntical component of the molecular electric moment (x f6r 
each phase independent of the number of molecules per square centimetre, i.c,, 
independent of the state of compression of the film within the region of existence 
of the phase, these values may be taken as follows :— 


State . .... fx . 10*^* e.H.u* 

Boundary of pre-homalic and homaiic . 3*7 

Metastable and stable expanded. 2*5 

Liquid condensed . 1*56 


It appears reasonable to assume that there is no distortion or electrical 
interaction between the carboxylic head groups, except when the solid con¬ 
densed film is subjected to pressure. 

It is also possible that when the hydrocarbon chains do not interfere with one 
another, as for example in the highly attenuated vapour phase, induction may 
take place through the carboxyl heads coming into close contact {Vapour 
phmif Part/ TI). 

Prom this assumption it can readily be shown that both the values obtained 
of the limiting areas of existence for each phase, as well as the values of the 
resolved electric moments, may be accounted for on the simple hypothesis of 
tilting and rotation of the chain about the first carbon linkage. 

In the case of the liquid condensed state, its limiting areas extend from 20*6 
A* bounded by the solid phase, with an angle of the chain axis to the horizontal 
of 63® 30' to an area of 24*4 A*. It will be observed from the diagram (a) 
that this limit is imposed by simple rotation of the chain about the carbon 
linkage (a) giving a limiting angle to the chain axis of 47*^, which givers a mean 
area per molecule of 25 A®. 

It can be seen, therefore, that although the tilt of the chain is varying no 
variation in the orientation of the carboxyl head need take place over this 
phase, which would explain why the vertical component ji of the electric 
moment remains constant and equal to 1*56.10“^® e.s.u, over this region of 
expansion. If the electric moment |x in the pre-homalic state of 3*7.10~ 
e.s.u. be the maximum value obtainable, then in this state the electric moment 
will make an angle of 25® with the horizontal 

The area at which the conversion of the liquid condensed phase to the lt(|aid 
expanded state ends is 39 A®, the chain axis must therefore have declined 
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18° in direction of the arrow, if the curboxyl head also revolves with the 

chain over this 18° then we obtain a value for the vertical component of 



Fig. 6.—Diagram of the behaviour of a molecule in expanaion of a film over the liquid 
eondenaed state and transition to expanded state (a). 

the electric moment of 3 * 7.10“ cob 47° equal 2*5,10 “'® e.s.u. which is identical 
with that found experimentally for the liquid expanded state. 

The significance of this area of 39 A* which is the commencement of the 
transition of the liquid condensed static can be readily understood on con¬ 
templation of the mechanism of the contraction of a film over the expanded 
and metastable expanded regions (see later). 

The range of existence of these two regions fit)m 53 to at least 22 A* 
can be again accounted for by a simple rotation of the chain as shown in the 
following diagram (fig. 7). 



Fig. 7.«-l)bigram of the behavknr of a molecule in contraotiaa of a film over the expanded 
and metaitable expanded states. 
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Again we notei if this hypothesis of chain rotation be adopted that the 
electric moment can r<miam constant as experimentally observed over the 
region of the expanded and metastable expanded films. If one contraotB a 
film from the comnieneenumt of the expanded state at 63 A®, as shown in 
Part I, fig. 4, one begins by slowly revolving the chain around the first C-C (a) 
linkage until at 39 A® the axis of the chain makes an angle of 29^^ with the hori¬ 
zontal or 29° plus 43*^ — 72° with the electric moment. 

This angle is identical with that made by the chain axis and the electric 
moment in the liquid condensed state, so that at this point the molecule has 
two stable positions. On further contraction of the film either or both of th<‘ 
following rotations in the molecule may take place. One may continue to 
revohre the chain round the C-C linkage and so obtain a constant electric 
moment and a metastable expanded film (shown by curve (a) in graph 4, 
Part I) which may change if time is allowed into the stable configuration of a 
molecule in the liquid condensed film (curve (6), graph 4, Part I). Or, one 
may revolve by pressure the whole complex of the molecule into the liquid 
condensed position and thus change the moment from 2*5 to 1*56; this is 
shown by the true transition curve in graph 4> Part I. By too hasty a con¬ 
traction both these mechanisms may take place as shown by curve (c). This 
clearly illustrates the inner mechanism of the hysteresis effects noticed in 
Part I on experiments carried out with films between the areas of 40 A* and 

26 A* 


A Comparison with the Eleetrio Moments found by otfier Methods. 

On examining the behaviour of the resolved electric moment of these acids 
in their various states of surface aggregation, we note that in the expanded 
state the value of ii2*2^. 10“'® e.s.u. is obtained which includes the effect 
due to a double layer underneath the film, the actual value of fi — 2 - 50.10“'® 
e.s.u,, being for the molecule without the contribution due to the double layer. 
In the liquid condensed state at a pressure corresponding to the equilibrium 
with the expanded state, the observed value of [i is 1*56.10“'® e.s.u. This 
value rises on further compression of the film. The maximum value of p 
is found in the pre-homalio state at the moment where the expanded state is 
just being converted into a vapour and equal to 3*7.10“'® e.s.xu, whilst in the 
true vapour state the values appear to be small, of the order of 1 *0,10“'® e.8.u. 
at 140 A*. Whilst these values in so far as they are attributable to the car¬ 
boxyl group, must be considered as the result of replacement of a water surface 
by one of carboxyl groups immersed in the water yet it is interesting to compare 
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these values of fit with those obtained for a carboxyl group in a non-polar 
environment. 

No accurate values for the electric moments of the long chain fatty acids 
exist; data from measurements of the refraction index giving ca. 20 . e.s.u. 
By the more accurate method of determination from the temperature coefficient 
of the dielectric constant of the substance in the vaporous state or dissolved 
in a nompolar medium the contribution of a —COOH group in ring compoxmds 
is found to be fi ^ 9*0.10“^® e.s.u.; although this value due to the influence 
of association is naturally somewhat unreliable (^Dipolmoment und Chemische 
Stnikture/ Debye, p. 30, Herzel, 1929). The data of Wolf* gives values for 
fx rxr r>-3 . 10^^® e.s.u. for isovaleric and propionic acids. 

Sumnuxry. 

The surface potentials of films of myristic, palmitic and pentadecylic acids 
on the surface of N/lOO HCl have, been examined for different states of the 
films, and the vertical component of the molecular electric moment calculated 
therefrom. 

It is found that the values of jx obtained are dependent on the state of aggre¬ 
gation of the film, but are identical for the three acids in similar states of aggre¬ 
gation. 

In confirmation of a prior prediction the value of (x is found to be smallest 
and possesses a constant value equal to 1 *56. e.s.u. in the liquid condensed 
state or the mesophase, and likewise to attain small values in the highly 
attenuated or vaporous state. 

The value of (x rises both on compression in the solid condensed state and 
also when the film expands into a liquid state where the molecule possesses 
the constant value of jx = 2*5 . e.s.u. 

In the transition from the liquid or expanded state to the vapour state 
evidence is presented for the existence of a new phase designated the pre- 
homalic state appearing on expansion of a liquid phase beyond a critical area. 
Just before the disappearance of this phase the electric moment of the mole- 
oules in the highly attenuated expanded film attain the large value of (x = 
3*7.10"^® e.B.u. Further experimental evidence is given which suggests that 
the molecules are horizontally orientated in the vapour state. 

It is shown that a double layer caused by the attraction of ions present in 
the solution exists under such unimolecular films. 


♦ ‘ Phys. Z.; voh 31, p. 227 (1930), 
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From the knowledge that the value of the vertical component of the eleotcio 
moment is constant over the region of the expanded state, a value of |i =» 
2-5.10"i* o.s.u. can be calculated from the slope of the curve. 

This value is independent of the constitution of the substrate and is complied 
with those obtained from the refratttive index and the dielectric constant. 


On the Surface. Potentials of Unimolecttlar Films of Long Chain 
Fatty Acids. Part III.— The Potentials of Solid, Liquid 
Condensed and Double Layer Films. 

By J. H. ScmiLMAN and Eric K. Ridkal, F.R.S., Laboratorj' of Ph 3 rsioal 

Chemistry, Cambridge. 

(Received June 12, 1930.) 

It was shown in Parts I and II that the vertical component of the mean 
molecular electric moment, (I, calculated with the aid of the Helmholtz equation 
4T:nti = AV was dependent on the state of the film. 

The experiments of Lyons and Rideal (foe. dt.) indicated that the state of 
a film could be altered not only by means of the usual variables, the two dimen¬ 
sional pressure F, and the temperature T, but also by the extent of the adhesion 
of the polar group to the substrate, conveniently altered in the case of acids 
by a change in the pa of the solution. That the change in this adhesion could 
not be attributed to the ionisation of the acid alone was shown by the fact 
that great changes in the stability of the film could be made over ranges of 
Ph woll outside the range of dissociation ; further for identical hydrogen ion 
activities the effects of different anions possessing various capillary activities 
were widely diverse, e.g., the surface film on a citrate buffet behaves as if it 
were relatively more acid, and that on a borate buffer as if it were relatively 
more alkaline than the bulk phase."' 

Evidence likewise from the air liquid potentials of electrolytes, as well as 
on the cataphoresis of air bubbles and the conductivity of the bulk phase in 
close proximity to a film, supports the view that underneath a film there exists 
a double layer consistmg of anions and cations present in the electrolyte 

• 0/. ‘ Z. Pliys. Chem.,’ vol, 136, p. 368 (1928); Thiel, ‘ Z. Klek. Chem.,’ voL 36. 
p. 266 (1929). 
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giving a contribution to the surface potential diflereiice measured. In the 
al>flence of a film such a double layer exists at the air liquid interface of dilute 
soluble acids, as noted by IVumkin, but on addition of a film to the surface 
owiiig to the action of the polar groups of the film forming material the con- 
<;entration of anions and cations of the solute near the surface is altered and 
thtjre is thus an alteration in the double layer and in the surface potential due 
to the liquid alone. 

In previous commimications it was shown that on N/lOO HC the mean value 
of (i for an expanded film of myristic acid as determined from the Helmholtz 
equation was 2*29.10"^® e.s.u., but from the slope of the AV, n curve or from 
the equation AV^ “ AV^ == iiz {n^ — ni)|i a value of 2*50.10“^® e.s.u. was 
obtained. There is thus a difference in the electric moments calculated by the 
two methods of 0*21.10^^® e.s.u. 

Dilute solutions of hydrogen (chloride lower the surface tension of water 
and from measurements on the differences in air liquid potential caused by 
dilute solutions of this acid we may conclude that there is a preponderance of 
chlorine ions near the surface with hydrogen ions undenujath. The general 
distribution of electric charge from the above measurements may be depicted 
diagrammatically as follows :■ - 


(‘ 

<) O 


'H- 


II 

Cl 

H 




Equivalent values of 


2*50. Hr'® e.s.u. 


■f 


2*29. ur'® 


e.s.u. 


0*21 . Hr'® e.s.u. 


The addition of a, film of myristic acid in the expanded state to a surface of 
dilute hydrogen chloride thus not only contributes a vertical electric moment 
of 2*50.10“^® e.s.u. to the interface, but brings about a change in the con¬ 
centration and distribution of the underlying hydrogen and chlorine ions so 
that these form a new double layer differing from the original one existing 
at the free surface to an extent so that the air liquid potential is changed by 
ca. AV = 18-0 millivolts. 

From the linear character of. the AV, n curves it is clear l^at the general 
43xpreS8ion for the change in potential on placing a film on the surface is 

AV 47tn(i + AV„, 
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where AV„ is the change in potential caused by the film in altering the di»- 
tribution of the ions in the electrolyte underneath. The value of AV^ in the 
above case 18 niv., appears to be almost constant over the compression 
and expansion in which a film can exist in the same phaseor state and conse¬ 
quently it may be inferred that the magnitude of the ionic double layer potential 
id determined more by the phase or state of the film rather than by the actual 
number of molecules per square centimetre of film-forming material. The 
ionic double layer underneath the film is thus much more fluid in character 
than the film itself, and we cannot regard each molecule in the film as having 
anchored beneath it a regular distribution of chlorine and hydrogen ions. For 
the purposes of comparison, however, it is convenient to regard the contri¬ 
bution of AV^ as, in effect, altering the mean electric moment of each molecule 
by a definite amount, permitting the separation of the observed value of ft 
into two portions, that due to the molecule itself in the film [i and that due 
to the ionic double layer in the substrate |t fi. 

Experimental, 

The experimental method was identical with that described in Part I. The 
buffer solutions were made up according to the directions of Clark C' The 
Determination of Hydrogen Ions The palmitic acid was spread by means 
of a solution of freshly distilled petroleum ether from a calibrated pipette on 
to the solution in the trough: the film thus spread could be compressed or 
expanded in the usual manner by means of waxed slides. In figs. 1 and 2 are 
shown the surface potential differences AV due to the film in various states of 
compression on a series of buffer solutions ranging from Ph 

the values of AVoc or the equilibrium values being shown in the dotted 
curve. 

It will be noted that the surface potential differences are dependent on the 
nature of the underlying solution even if the films be in the same phase or 
state and possessing identical molecular areas. At the same time the pro¬ 
portional surface potential increase due to compression is with the exception 
of the film on N/lOO HCl independent of the pn underlying aolutuon. 
We observe further that at the area of zero compression for solid condensed 
films (fig. 2) (ca. 20-6 A®) a marked change in the potential gradient occurs 
although such is not the case at the area of zero compression for liquid con¬ 
densed films (24-4 A*) (fig. 1). Thus on borate buffet solutions of ps 6*8 
and 7*3 where no liquid condensed or expanded phase exists on increasing 
the area beyond 20-6 A* the film becomes heterogeneous consisting of solid 




MILL! \/OLr^s P D. 

Fia. 2. 


For the liquid condensed films in the smectic state, on the other hand, which 
do not at these low temperatures become converted into an expanded or 


VOL. CXXX,—A. 
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liquid film on increase of area, but eventually vaporise, we note that on buffer 
solutions no immediate change in electric moment takes place at the area of 
the liquid condensed film at no compression (24'4 sq. A®). 

In fig. 3 are plotted the values of the electric moments derived from I and II 



18 19 20 ai ii 23 24 25 26 27 

SOUARC 

Fio. 3. 


with the aid of the Helmholtz equation AV -= 47c«p. It is seen that the 
electric moment p in the liquid condensed state is practically constant on any 
one substrate but varies with the pa of the substrate. In the solid condensed 
state there is a proportional increase in the electric moment p as the molecules 
are compressed together. This increase becomes slightly greater with increasing 
alkalinity of the substrate, an indication that AV„ is altering as the adhesion 
of the terminal polar head to the substrate increases. 

It is observed from the variation of AV with the nature of the substrate 
that the contribution of the ionic double layer to the surface potential is quite 
marked, and the value of the contribution of the double layer to the inter¬ 
facial potential may be evaluated as we have seen from the equation 

AV = 47c»(I -f AV„ 

in which 47tnii is the true contribution of the film-forming material, and A« 
the contribution of the underlymg double layer to the air liquid potential 
difference observed. These have been evaluated in the following table :— 
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Acid. 
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X*almitic: 
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pH and 

Moan 



tho Him. 
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O.H.U. 10““ 
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1 Solid iioridtniHod . 
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IvW 

0 

i 

1 0-8 bornto 


318 

*-378 

i 

i .! 

i7a „ 

1 1 

! 

3-18 1 

_ _1 

---498 


It will be noted that the value of jx the actual contribution of the molecule 
to the surface potential apart from the contribution of the underlying ionic 
double layer, is in the liquid condensed state constant and equal to (x ™ 
1'5D. e.s.u. over the range 5 to 7 on citrate buffer solutions. The 
contributioTi of the ionic double layer is, however, more variable, ranging from 
+78 mv. at p^i 5*0 to 1-25 rnv. on a buffer solution of 6*6. From fig. 4 
the difference in (mpillary activities of the borate and citrate ions is clearly 
observed. 



We may conclude that the value of p calculated from the apparent surface 
potential change 

AV inn [I 

is dependent on :— 

(1) The hydrogen ion concentration of the underlying surface layer, which 
differs from that^of the bulk phase. 

(2) The character of tJie anion in the solution and its capillary activity. 

(3) On the phase of the film ; 
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but that the value of fx calculated from the inorease in surface potentisl due 
to an increase in the number of molecules per square centimetre from 

AV = 47rM(i + -AV, or SAV = S47tnp 

is independent of the hydrogen ion activity of the substrate but is dependent 
only on the phase of the film. 

The change in the air liquid potential difference with the nature of the sub¬ 
strate is well exemplified in fig. 4 in which are plotted the equilibrium values 
or AVqc obtained by spreading an excess of palmitic acid in petrol ether over 
the surface of substrates of different acidities; the increase in equilibrium 
spreading pressure, and thus the decrease in limiting molecular area with the 
increase in alkalinity of the substrate, has already been referred to. Prom 
the measurements described in Graphs I and II the areas per molecule under 
the conditions of equilibrium of the film with a crystal on the surface are 
inserted along the curve. We note, for example that AVq^ on N/lOO HCl is 
equal to 396 mv. with a molecular area of 22*8 A®, the film being in the liquid 
condensed state ; on N.HCl the molecular area is ca. 26 A*, the film is in the 
transition to the expanded state, whilst in spite of the decrease in molecular 
surface concentration the value of AVqc kas risen to 426 mv. On these two 
solutions ionisation of the film cannot be a factor in the stability and the rise 
in AVqc must be due to a rise either in the value of p as the film is converted 
from the liquid condensed to the expanded state, or the effective electric 
moment of the adsorbed chlorine and hydrogen ions in the double layer must 
also have increased from N/lOO to N HCl. We have already presented evidence 
for both these changes. 

Over the acid region where ionisation of the fatty acid does not take place^ 
the value of AVx changes from 366 to 394 mv., due to the varying contribution 
to [X of the ionic double layer. 

On water, in the absence of buffer salts, the changing carbon dioxide 
concentration renders it impossible to obtain coiistant values for AVqc . iSome 
values obtained are given in the following table;— 


Source of water. 

i 

JVqc in millivolts. 

l>i»tilied from quartz .... . 

2eo 


2S0 

Bis tilled from block tin.... 

302 

Ordinary distilled water .... 

m 
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These wide vamtious in AV^c » which we have seen are to be ascribed partly 
to a double layer underneath the film, would give rise to wide variations in the 
cataphoretio velocity of film particles, and a high conductivity in the liquid 
in a direction parallel to the film surface, as noted by McBaiti and Peaker (loc. 
ait.). 

In fig, 1 (graph a) are shown the surface potential values of a film of palmitic 
acid calculated from the constant moment p = 1 - 59.10“*^*. This should give 
the surface potentials of a liquid condensed film under compression on a sub- 
strate which can give no variations due to the ionic double layer. It is interest¬ 
ing to note that the crystal equilibrium surface potential value for palmitic 
acid on water at approximately pn 7 of 280 mv. gives a value on this curve 
for the area of ca. 21 which is in close agreement with that found from the 
spreading pressure and area measurements made with the aid of the Langmuir 
trough. 

Multimolecular Film Formation, 

In a previous communication (Lyons and Ilideal) it was shown that on 
solutions more alkaline than pn 8 a film of palmitic acid commenced to undergo 
surface solution, but that after part of the film had undergone solution the 
remainder appeared to be insoluble. This phenomenon was ascribed to the 
formation of a double film, the molecules of the dissolving soap coming up to 
the surface underneath the superficial film. It was suggested that the structure 
of the double film thus formed was similar to that of the elementary bimolecular 
leaflet of a soap bubble. If a crystal of palmitic acid be placed upon the surface 
of water more alkaline than Pn 8 ^ unimolecular film is rapidly formed, but 
this is finally converted into the more stable bimolecular leaflet; this whole 
process takes place in a period of some 10 to 30 minutes. 

It is evident that if the bimolecular film consists of a doubly orientated layer 
of sodium acid palmitic or sodium palmitate the sjnstem should be completely 
symmetrical, and the double film should not make any contribution to the 
surface potential. 

It was considered of interest to examine this phenomenon of surface solution 
and bimolecular film formation by the method of surface potentials. 

It was found that at pa 8 on citrate buffers and at p^ 7 • 5 on borate buffers 
solutiou of a palmitic acid film on the surface takes place, and the potential 
faUs taking up after a few minutes a constant value, there remaining still a 
solid film on the surface. At pn 9*0 the final potential acquired, although 
there is still a film on the surface, is found to be AV = 0 (fig. 4). Thus over 
the region of p^ 7-6 to pa 9 on a borate buffer the value of AV is gradually 
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sinking, and at the same time the surface solution is increasing. It is probable 
that at Ph ^ f^he surface film is a completely symmetrical bimoleimlar layer of 
sodium acid palmitate thus cont ributing no electric moment to the surface. On 
solutions less alkaline, the positive values of AV when considered in the light 
of the experiments on the solution of tilms indicate that the top layer still 
consists of a completely packed unimolecular film with the lower layer less 
sparsely packed. 

Diagrammatically w(^ may represent the structures of these films from pn 
7*6 to Ph 9 on borate buffers as follows : 
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As the alkalinity is raised above pjj 9 the surface spreading pressure becomes 
too small to form a continuous film of acid without surface solution occurring, 
and the subsequent formation on the surface of a layer of sodium palmitate 
to which, as Guyot showed, the negative values are due. As the composition 
of the upper layer becomes richer in sodium palmitate so does the solubility of 
the material increase, until at ca. p^ 10-5, and in solutions of higher alkalinity, 
the surface phase scarcely changes at all, but consists essentially of a film of 
sodium palmitate with a less densely packed sheet of sodium palmitate under¬ 
neath it, similar to the acid soap films at p^ 7«6. This change is confirmed by 
the observations of Miss Laing on the analysis of soap films ; she found that the 
constitution of films made from solutions between p^ 7-9 consisted of sodium 
acid palmitate, and films made from solutions of greater alkalinity than pa 9 
consisted only of sodium palmitate. 

Since the bimolecular film between p^ 9-13 is relatively stable it appeared 
possible to build up a series of sheets of bimolecular film, each sheet contributiixg 
nothing to the interface potential, on the top of a substrate of sodium palmitate 
present on the surface due to the operation of surface forces in accordance with 
the Gibbs equation. 
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This state of affaifs can be pictured as follows :— 

It has in fact been found possible in the following manner to realise this 
experimentally, and to build up a thick tenacious 
transparent film or glaze possessing an identical electric 
moment to that of a unimolecular film on solutions 
lying betwwn pH ^ and 13 in alkalinity. 

A quantity of palmiti(5 acid in petrol ether sufficient 
to form two unimolecular films of area 20 per 
molecule was placed upon the surface of a borate buffer 
at Ph Ill* 

The lower curve in fig. 5 shows the process of solution 
by the fall in potential to form a Gibbs adsorbed layer, 
which took up a constant value of - 30 mv. Additional 
palmitic acid in petrol ether was then placed on the 
surface. This spread on the surface to form a thick 
glaze which took up a value of nearly -f 40 mv. On 
disappearance of the glaze and conversion of the acid into sodiiun palmitate, 
the surface potential changed until it came to the constant value of —30 mv. 
characteristic of the original Gibbs layer, but there was now a thick clear film 
on the surface. 



By increasing the alkalinity of the imderlying solution similar results can 
be obtained, the chief difference being the increased rates of solution and the 
weakening of the protective influence of the adsorbed Gibbs layer on the 
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tbiolc bimolecular above it. But in aJl cases the potential of the final 
thick film was identical with that of the Gibbs layer regardless of the thickness 
of the former. Thick films up to ca. 16 molecular thicknesses have l>eon built 
up in this way by further addition of palmitic acid. 

ISumnuiry, 

The surface potentials of films of palmitic acid have been examined on 
substrates of various hydrogen ion concentrations. It is concluded that below 
the surface film there exists an ionic double layer which makes an effective 
contribution to the interfacial potential. The vertical component of the electric 
moment of palmitic acid in the liquid condensed state is found to be constant 
and equal to 1*59.10“^* e.s.u. regardless of the acidity of the substrate, the 
apparent electric moment, however, may vary from ca. 2-06 . e.s.u. to 

ca. 1 *7.10*"^® e.s.u, due to the effects of the underlying ionic double layer. The 
effects of the ions borate and citrate of different capillary activities on the 
ionic double layer is found to be marked. 

Similar effects are noticed in the molecule on compression of a film in the 
solid condensed state where p = 3* 18. e.s.u. 

On alkaline solutions the interfacial potential difference falls to small values 
and attains negative values on strong alkali. It is shown that bimolecular 
leaflets possess an effective moment of zero confirming the structure attributed 
to the elementary leaflets of soap bubbles and multimolecular layers up to 16 
molecules thick with zero effective moment have been prepared in the form 
of transparent tenacious glazes. 
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On the Eddy System in the Wahe of Flat Circular Plates in Three 

Dimensional Flow. 

B)' Dorothy Marshali. and T. E. Stanton, F.R.S. 

(Received October 23, 1930.) 

[Plates 4, C.] 

The method of colour bands for revealing the characteristics of the motion 
of water was first used by Osborne Reynolds some 50 years ago in the deter¬ 
mination of the critical velocity at which the streamline motion in parallel 
pipes broke down. Since that time several attempts have been made to use 
the same method for the study of vortex motion, but owing apparently to lack 
of sufficient precautions to ensure that all internal motions in the reservoir 
supplying the stream had disappeared before the experiments were made, the 
success achieved has not been as great as might have been expected. 

In 1910 a small water channel consisting of a rectangular canal 3 inches wide 
and 4 inches deep by 10 feet in length was constructed at the National Physical 
Laboratory for the study of the flow round plates and models and the results 
of a series of experiments made in the channel were described by Mr. C. G. 
Eden in his paper communicated to the Advisory Committee for Aeronautics.* 
The flow in this channel, however, was not altogether satisfactory for although 
the initial disturbances in the water supply were reduced by means of baffle 
plates and the use of a large supply tank, so that no eddies were present, there 
were indications that the direction of motion at any point was not independent 
of the time. The information obtained by Mr. Eden with this channel was of 
considerable value in revealing the nature of the flow in the wake of inclined 
plates and streamlmed models. 

The first water channel made for the present series of experiments was 
made on the lines of Reynolds* original apparatus and consisted of a horizontal 
glass-sided tank, 12 feet long, 2 feet deep and 1 foot 6 inches wide. Inside 
this tank about 6 inches from the bottom was supported a horizontal glass¬ 
sided water channel of internal section 1*6 inches by 1*5 inches having a bell 
mouth piece at one end and an outlet regulated by a cock at the other e nd. 

On opening the cock, water was drawn through the channel from the supply 
outdde it, the outlet from the colour reservoir being situated a few inches in 

* Reports A.C.A., 1910-11, p. 48, and 1911-12, p. 97. 
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front of the bell mouth piece ho that the stream from it was drawn into the 
channel under the same head. Considerable difficulties were encountered in 
obtaining a state of steady flow down this channel such that the colour band 
was always accurately situated at its axis, although when the square channel 
was replaced by circular glass tubes there was no difficulty in repeating the 
experiments of Osborne Reynolds on the. critical velocity in pipes. It was 
thought at first that the lateral shifting of the colour band might be due to 
want of uniformity in the temperature of the water in the tank or small 
differences between the density of the water and that of the colour solution, 
and some time was spent in improving these conditions. No substantial 
improvement resulted and it was concluded that the tank was not sufficiently 
large to give equality of head in the approach streams. 

For the above reasons, further work on this channel was discontinued and 
since previous experience had shown that symmetrical steady motion in a 
water cliannel was more easily set up when the motion was vertical instead of 
horizontal, an attempt was made to overcome the practical difficulties (due 
to pressure) inherent in the coixstmetion of a vertical water channel with glass 
side®. The channel constructed on these lines is illustrated in fig. 1. 

The cast-iron supply tank for this channel was 3 feet by 3 feet by 3 feel, 
and hiid a plate-gloss front |-inch thick. The channel was constructed of 
wood inches by inches inside and was about 10 feet long. This was 
fitted into the base of the tank with a bell mouth piece projecting about 
8 inches from the floor. The lower 6 feet was provided with glass front and 
back for observational purposes. The mean rate of discharge was rneasmed 
by measurement of the outlet water. 

For examining the motion of the water in the channel, the colour was in 
the first instance introduced into the region of the approximately still water 
above the mouth piece, as is customary in this work. In order to ensure that 
the colour solution was at the same temperature as the water in the reservoir, 
an intermediate colour receiver was used which was completely immersed in 
the water. 

In this method it is very difficult to introduce the colour into the main mass 
of water without caiising some slight disturbance which affects appreciably 
the formation of the stream lines, and finally the device was adopted of a 
colour reservoir consisting of a vertical tube open to the atmosphere discharging 
into the supply tank under gravity and of such a section as to give a colour 
stream of the dimensions required. In this way, the descent of the water in 
the tank caused a corresponding flow of colour into the still water with the 
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miiiimum disturbance. This was a great improvement on all the methods of 
colour introduction previously tried, although for the reasons given below it 



510 c: V1C.W rOONT view 

Fig. 1.—N.P.L. l*5*moh Bquare Vertical Water Channel. 


did not prove satisfactory for the particular purpose of the present 
experiments. 

Some preliminary experiments were then made with a thin brass disc 7 • 5 mm, 
diameter placed in the axis of the channel normal to the flow and supported 
from below by a spindle of small diamcjter. On attempting a visual examina* 
tion of the flow round the disc by means of the colour stream, it was found to 
be extremely difficult to ensure that this stream impinged symmetrically on 
the dko. At low speeds the existence of a permanent vortex ring behind the 
disc was clearly demonstrated, but this was invariably lop-sided. Considerable 
time was spent in trying to obtain an axial impingement of the colour stream, 
but without success, and finally it was decided to abandon temporarily the 
introduction of the colour into the still water of the tank and to introduce it 
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through the vertical supporting stem of the disc to the oentoe of the upstream 
face. This constituted a marked improvement, but there vras still trouble in 
obtaining a uniform radial flow outwards to the edge. This difficulty was 
finally surmounted by using two thin parallel discs very close together and 
allowing the colour to flow radially outwards in the space between them. The 
state of motion obtained in this manner proved very suitable for the study of 
the eddy motion subsequently developed, the only objection being that the 
combination of the two parallel plates could no longer be regarded as a thin 
plate, the ratio of thickness and diameter being about 0-1. The general 
dimensions of the plate and supporting spindle will be seen from photograph 
No. 1 which was taken at zero velocity. 

Experiments with CirculaT Plates. —A series of experiments was then made 
on circular discs of diameters 3, 4, 5 and 6 mm. Photographs of the eddy 
system in the wake were taken at various mean speeds of flow in the channel, 
and for each condition of flow the periodicity of the eddies in the wake was 
taken by a stop watch. 

The nature of the motion in the wake of the discs was as follows. At low 
speeds of flow between an upper well-defined limit given by ud/v = 195 and a 
lower limit not well defined, probably on account of experimental difficulties, 
but of the order of vd/v = 5*0, a permanent vortex ring was developed at the 
rear of the disc having an external diameter greater than that of the disc, 
as will be seen from a comparison of photographs 2 and 1 (Plate 4). 

The circulation of the fluid in the vortex ring was apparent visually, but 
is not seen in the photograph. The existence of a vortex ring at the back of a 
ciroular plate was first pointed out by Osborne Reynolds in 1877 in a lecture 
on Vortex Motion at the Royal Institution. 

On the flow exceeding the upper limit, an oscillating disturbance of the 
vortex ring became apparent, with the result that successive portions of its 
substance were discharged downstream at regular intervals of time depending 
on the rate of flow and the dimensions of the disc. The appearance of these 
vortices will be seen from photographs Nos. 3, 4 and 5 (Plates 4, 5). This 
state of flow corresponds to that observed by Eden in the case of inclined 
square plates.* The phenomenon could not be described as a shedding of 
the vortex ring as a whole, the impression derived from visual observarion 
being that at the upper critical speed the inward pressure gradient in the ring 
became inadequate for its maintenance, with the r^ult that the outride pmtioas 
of the ring in contact with the fluid streams from up stream became detached. 

• Report AC. A., 1911-12, Egs. 16 to 20. 
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The diffioulties in the determinatioa of the lower limit of flow for which a 
permanent vortex ring appeared to be stable lay in the extremely low speed of 
flow at which the change from vortex motion to stream line motion took place, 
which for a 5-mm. disc appeared to be of the order of 0 -1 cm. per second. 

It was, of course, quite easy to regulate the discharge from the 1-6 inches by 
1 -5 inches channel to give a mean speed of this value, but owing to the possi¬ 
bility of small differences in the temperature of the water producing regional 
up currents the actual speed at the disc was conjectural. 

Ail that can be said is that at this apparent speed the coloured water behind 
the disc presented the appearance of continuous stream lines concave to the 
walls of the channel, in contradistinction to the greater curvatme and the 
convexity to the walls of the boundary layer of the vortex ring. 

It may be noted however that even at the lower limit the velocity is still 
considerably above that which would make vd small compared with v, which 
is the condition that the nature of the flow should be calculable from the hydro- 
dynamical equations with the inertia terms neglected.* 

To determine the critical value of ud/v at which the periodic vortices were 
discharged, careful observations of the critical speed were made for the different 
sizes of discs used. The stream line flow in the channel was approximately 
parabolic in character and the velocity of approach of the water to the disc 
was calculated from the mean flow multiplied by an experimentally determined 
constant, the value of which was somewhat greater than 0-5. The character¬ 
istics of the flow at the critical speed are given in the following table. 


Table I.—^Experiments at the Critical Velocity. 


Diameter of 
disc. 

Velocity of 
approach of stream 
<V). 

Periodicity of 
eddies discharged 
(T). j 

Value of 
vdjv. 

Photomph 

number. 

mm. 

cm./see. 

seconds 

1 2(K> 

j 

3*0 

7*3 

0*35 ; 


89 

4*0 

5*4 

0*61 

1«7 

137 

5*0 

4*2 { 

0*93 

JOl 

136 

SO 

3*0 

! 

1*34 

1U9 

163 


It appears therefore that the periodic discharge begins at a definite value of 
t)d/v, which is approximately 196. The dynamical similarity in the motion of 
the eddies at the criticd speed is well brought out from the values of the 


♦ Lambda Hydrodynamics/* 4th ed., p. 588. 
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periodicity which are closely proportional to the squares of the diameters of the 
plates. It may be remarked that, although the velocity at which the eddy- 
discharge commenced was definite, this motion did not appear in a full-blown 
manner but as illustrated in photograph No. 5, in which the incidence of the 
motion was detected. 

The photographic apparatus originally set up for the purpose of the investi¬ 
gation was only capable of giving views of the flow projected on one plane 
which was parallel to the plate-glass front and back of the channel. From 
visual observation of the manner in which the coloured fluid was detached 
from the disc and also from the appearances of the photographs, especially 
Nos. 3 and 4, it was thought at first that the wake consisted of a spiral vortex 
continuously unwound from the edge of the disc, and corresponding with the 
hypothetical case investigated by Levy and Forsdyke,* who have obtained 
expressions for the axial and rotational velocity of a helical vortex in the wake 
of a surface of revolution moving in a fluid in the direction of its axis. This 
assumption was made in a preliminary note communicated to the Aeronautical 
Research Committee early in the year on the results of the observations, 
but it was pointed out on that ocicasion by T>r. L. Rosenhead, to whom the note 
had been submitted, that there were strong theoretical re^isons against such a 
conclusion and that the probable interpretation of tlie photographs was the 
periodic discharge from the disc of a series of rings of vorticity. 

It was decided that further investigation was necessary in order to clear up 
this point, and as it appeared probable that simultaneous views of the wake in 
two planes at right angles might furnish conclusive evidence, an attempt was 
made to obtain them. The apparatus set up for this purpose is illustrated in 
fig. 2. New windows were inserted in the sides of the water chaimel, and, by 
means of the arrangement of lanterns and mirrors shown, satisfactory photo¬ 
graphs of the wake projected on two planes at right angles were obtained. 
From the results of a large number of exposures it was found that each photo¬ 
graph fell into one of two categories, the one ilhistrated in photograph No. 6 
and the other in photographs Nos. 7 and 8 (Plate 5). The series of which 
photographs Nos. 7 and 8 are typical appear to demonstrate with reasonable 
certainty the accuracy of Dr. Rosenhead's conclusions as to the nature of the 
wake, the view to the right in No. 7 and to the left in No. 8 being in the plane 
containing the axis and the point at which the vorticity begins to bo shed from 
the disc. The second series of which photograph No. 6 is typical are views 


♦ ‘ Proc. Roy. 8oo.,’ A, voi. 120, p. 670. 
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Fio. 2.—Method of obtaining Simultaneous Photographs of the Motion in Two Planes at 

Bight Angles. 

on planes which, have a considerable inclination to the above-mentioned plane 
so that the views presented are composite views of the two main aspects of 
the ring. 





302 


The Isotopic Go7istitution and Atomic Weigrhts of Zinc^ Tin^ 
Chromium and Molybdenum, 

By F. W. Aston, F.R.S. 

(Received November 24, 1930.) 

Jntrod action. 

In a previous communication* a method of photometry of mass-spectra 
was described by which the relative abundance of isotopes could be measured. 
The accuracy of the method was shown to be amply sufficient for a preliminary 
survey of complex elements with a view to finding out any simple laws, if such 
existed, governing relative abundance, and for checking atomic weights 
measured by more usual ways. The following is an account of further experi¬ 
ments made by means of the same apparatus and general method. 

The sequence in which the elements are investigated is affected by considera¬ 
tions of many kinds. In seeking relations between abundance ratios one 
naturally selects the wiost complex element which can be easily handled and 
avoids the examination, immediately after, of another which has isobaric 
lines. After the completion of the work on krypton, xenon and mercury 
already published Qoc. ci^.) zinc was successfully investigated. Following 
zinc an attack on cadmium was planned for which purpose a sample of pure 
cadmium methyl had been specially prepared. Cadmium methyl has a strong 
chemical similarity to zinc methyl and was expected to behave in much the 
same way in the discharge. Actually this is far from being the cose. No 
trace of the cadmium lines could be detected whether the vapour of the com¬ 
pound was admitted pure or diluted with other gases. A few weeks later a 
second attempt was made but resulted like the first, simply in deposition of 
cadmium on the walls of the discharge bulb completely upsetting the normal 
beam of rays. Finally a special arrangement was made by which the vapour 
was admitted at the anode end of the bulb, in the hope that this would lessen 
the disturbance near the cathode. This procedure was equally unsuccessful 
and as no more stable volatile compound of cadmium seems available this 
element will presumably have to be investigated by the much more difficult 
technique of “ anode rays by which its isotopes were fiirst observed. This 
failure is particularly unfortunate, as the remarkable similarity between the 

♦ ‘ Proc. Roy. Soc.,’ A, vol. 126, p. 611 (1930). 
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isotopic groups of cadmium and tin had already been noticed and commented 
Upon.* 

After the first failure with cadmium, tin was satisfactorily investigated and 
since the last traces of the zinc spectrum had now disappeared from the dis¬ 
charge conditions were suitable for work with germanium. The compound 
available was germanium (ithyl which had been used in the discovery of the 
eight isotopes of this elemcut.f Quantitative measurement is, however, a 
problem very different from mere identification and, owing to its instability 
and the liberation of inconvenient quantities of hydrogen by this compound 
when long exposures were attempted, no results were obtained which could be 
regarded as entirely satisfactory. After some weeks of fruitless work it was 
derided to postpone further work on germanium until the methyl compound 
could be obtained which, there was reason to hope, would prove more favourable* 
The w'cleome arrival of a volatile compound of chromium and later one of 
mol ybdenum directed attention to these elements which were tlien investigated 
with satisfactory results. 

Expenmenlfi mth Zinc. 

The compound zinc methyl was employed and as its boiling point is very 
low (46^^ C.) the liquid was cooled in melting ice and its vapour admitted to tJic 
discharge tube through a fine leak. It was soon clear that the setTct of 
obtaining strong zinc lines was to have nothing but the vapour of the methyl 
present. The presence of other elements more easily ionised or capable, 
from any other cause, of carrying the current more easily seems to act adversely. 
Doubtless the many earlier failures to get zinc lines were largely due to tlie 
presence of mercury. The low^ ionisation potential and abnormally great 
“ current carrying ” power of this element appear to enable it to suppress 
the mass-spectrtim of zinc entirely, although the partial pressure of tlie latter 
is far the greater. 

Even under the best conditions the zinc lines arc far from strong, so rather 
larger slits than those used for xenon were employed, this being justified by 
the relatively wider spacing of the lines. It was necessary to give exposures 
of 30 to 45 minutes to get measurable effects from the line of the faintest isotope 
Zn’® which is present to less than I per cent. Tlio wide spacing of the zinc 
lines enables the method of “ intermittent exposures be applied as with 
krypton and useful additional confirmatory results were obttiined by comparing 

♦ Aston, ‘ Phil. Mag,,^ vol 49, p. 1191 (1925). 

t Aston, ‘ Nature.’ vol. 122, p. 167 (1928). 

J See " Proc. Koy. Soc,/ A, vol. 126, p. 617 (1930). 
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«pectra tak<?n with exposures of e.g.y 16, 8 , 4 minutes and drawing the curve of 
log. line intensitievS, The throe principal isotopes 64, 66 , 68 form about 90 
per cent, of the element, so that the error in determining the moan mass number 
flepends almost entirely on fixing their two ratios of abundance. These were 
therefore determined with the highest accuracy feasible. The ratios between 
the weaker isotopes are approximate only. 

Packing Fraction of Zinc .—In the general curve* of the elements this quantity 
is at a minimum in the region of zinc which was expected to give a value of 
ul)out —10 like nickel. At the time the. first successful analysis of zinc by 
the mass-spectrograph was madef many attempts were made to measure its 
packing fraction, hut with no success. The principal difficulty is to introduce 
known masses suitable for comparison into the discharge and still retain a 
controllable intensity of zinc lines. On the present occasion advantage was 
taken of the following facts. 

As is well known, the discharge tube under normal conditions contains carbon 
and its compounds with hydrogen derived from the wax joints and tap grease 
and these give two well-marked groups of lines, the Cj group 12,13 , and the 

(Jjj group 24, 25 ... , which were and still are of prime importance in calibration 
of the mass scale. No evidence of groups containing more atoms of carbon 
than two wa.s obtained, on mass-spectra, until recently when on a spectrum 
from the discharge in nickel carbonyl some of the lines of a C 3 group 36, 37 ... 
were faintly but clearly visible. 

When the tube bad been running for a long while with nothing but zinc 
methyl passing and had reached steady conditions, spectra obtained with 
fairly long exposures all showed not only the Cg group but, rather fainter, the 

group. In the former the line 39 C 3 H 3 is the strongest, in the latter line 
50 C 4 Hg. Why these molecules appear when metallic compounds are used 
and why they are produced in these proportions, or indeed at all, in the discharge 
are problems worth a special research and need not be further discussed here. 
The importance in the present work is that their identity seems beyond dispute, 
so that they provide the necessary standards for the determination of the 
packing fraction of zin(;, and by good fortune the ratios 39; 50 and 60:64 
are near enough for that purpose. It was not easy to get brackets of the right 
intensity neither were the wide slits suitable for this measurement, in fac^t 
only one plate could bo regarded as really satisfactory, this gave 
Packing fraction of Zn®^ — 9-9. 

♦ See ‘ Proc, Koy. Soc.,’ A, vol. 123, p. 380 (1929). 
t Aston, ‘ Nature; voL 122. p. 346 (1928). 
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This can only be regarded as a provisional value but it Ls in excellent agree¬ 
ment with that, expected from the curve. 


Mass numbom of i 80 to|)es . 

JU)g reciprocal line intensity. 

KoWive abundance Zn’* - lOO 
Percentage abundance . 


Zinc RcHults, 


04 

65 

06 

67 

68 

69 

70 

0 

129 

0‘2S7 

0*98 

0*487 

1*81 

216 

100 

5-2 

53*96 

11*2 

36*73 

1*7 

0*8 

4S-0 1 

i 

2*5 

25-9 

6-3 

17*1 

0*86 

0*38 


These values give for zinc the same isotopic moment as mercury 1 • 41 and . 
a moan mass number of 65 • 452- Subtracting 0 • ()05 for the packing fraction 
tual 0*007 for (shange to tlie chemical scale we get 

Atomic weight of zinc = 65'38^ ±0*02. 

A value in exact agreement with the best chemical determinations. 

In the first description of the mass-spectrum of zinc (i!oc. df.) the order of 
intensity of the two weakest isotopes was given incorrectly. The reason for 
this was that germanium—which contains an isotope 70—had been used 
immediately before and was still present in the tube so that, except proving that 
it was less intense than Zn^®, no evidence either for the abundance, or indeed 
for the existence of could be safely drawn from the mass-spectrum. On 
the other hand the curve given earlier by Dempster* showed a well-marked 
hump at 70 and none at 69. It was, therefore, naturally aasumed that 70 must 
be more abundant than 69, hence the order of intensity then given. This 
discrepancy between the abundances suggested by Dempster’s curve and those 
now measured is considerable and has no obvious explanation, but the con¬ 
sistent photometry of the group of lines on all of a very large number of plates 
and the agreement with the chemical atomic weight leave little doubt that the 
results of the mass-spectrograph now given are substantially correct. 

Experiments nrith Tin, 

This element was investigated as usual by means of its methyl compound. 

It is the most complex of all yet analysed having no less than 11 isotopes. 
The mass numbers of these are too close to permit of the use of the method of 
intermittent exposures, but their number and wide range of abundance are 
favourable for the method used for xenon and mercury {loc. cU.), Even with 
these advantages it was found very tUffiicult to maintain the discharge sufficiently 
constant over the long exposures necessary to record the fainter lines* A great 
♦ A. J. Dempster, ‘ Phys, Rev.,’ voL 20, p. 035 (1922), 
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many plates were taken before a satisfactory series of exposures of 20, 10, 6, 
10, 2^, 5 minutes was obtained. From the log curve drawn reasonably con¬ 
sistent values of the ratios could be deduced. As an additional check spectra 
containing both tin and xenon lines taken some years before were measured 
up photometrically and found to give ratios not inconsistent with the newer 
ones. 

Tin Results, 


Mass numbers of isotopes . 

Log reciprocal line inttuisily 
llolative abundance 8n^*® ICO 
Percentage abundance . 


Mass numbers of isotopes 
Log reciprocal lino intensity 
Relative abundance ~ 
Percentage abundance . 


lOo 



112 

114 

115 

116 

117 


1 *36 

1-53 

166 

0-26 

0*43 


3-98 

2-76 

1-62 

52*4B 

36-31 


1-07 

0-74 

0-44 

1419 

9*81 

.! 118 i 

119 

120 

121 

122 

124 

i 0-09 I 

0-39 1 

0-00 

0-96 

0-74 

0-66 

. 79-43 ' 

40-74 

100 00 

1 10*90 

18-62 

22-91 

21-48 i 

1 i 

11 02 1 

27*04 

2*96 

6-03 

0*19 


These figures give for tin a high isotopic moment 1*77. The mean mass 
number is 118-82. The packing fraction of Sn^^ has been determined* and 
is ~7'3. Subtracting 0-09 on account of this and a further 0»01 for change 
of scale we get 

Atomic weight of tin = 118-72 ± 0*03. 

A value in satisfactory agreement with 118-70 obtained by chemical methods. 

Experiments with Chromium, 

The first effective investigation of this clement was made in 1923 by the 
method of accelerated anode rays.t The results were feeble but showed one 
distinct line at 52. As this agreed with the chemical atomic weight it was 
assumed that chromium was a simple element. The application of the more 
powerful and convenient method of the ordinary discharge tube has now been 
made possible through the preparation, by Dr. A. v. Grosse, of Berlin, of a 
suitable volatile compound, the hexacarbonyl. The vapour pressure of this 
white crystalline solid is appreciable at ordinary temperature but not high 
enough to give a sufficient flow through the customary fine glass “ leak.*’ 
The latter was therefore not used but instead the vapour was allowed to diffuse 
dirc(^tly into the discharge bulb with no more obstruction than two stopcocks 
and a few centimetres of narrow bore tubing. Even with this arrangement the 

♦ ‘ Proc. Roy. Soc,.* A, vol 115, p. 5(>6 (1027). 

t ‘ Phil, Mag.,’ vol 47, p. 397 (1924), 
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rate of diffusion was so low that no difficulty was expcrionoed in keeping the 
pressure down by slow pumping. 

The beams of rays obtained were vastly more intense than those given by 
the anode rays and it was soon realised that chromium had four isotopes, 60, 
62t 53, 64, of which 52 was much the strongest. Of these the lightest is isobaric 
with the doubtful Ti®° and the heaviest with Fe^, It was impossible to hold 
the discharge constant for any considerable length of time and the relative 
abundance was determined by the method of intermittent exposures. In 
order to find the ratio between 52 and the next most abundant 53, the rotating 
contact maker was set at 40° giving a ratio of 8 to 1. Under these conditions 
the reduced intensity of 52 was equal to that of 53 within experimental error. 
To determine the ratios of the three weaker isotopes a 2 to 1 ratio was used 
and the values obtained by interpolation on a curve. 

Packing Fraction of Chromium ,—A provisional value for this constant was 
obtained by comparing its 62 line with COj 44, The only near ratio available 
for this was C : CHa. The latter line was introduced by allowing a trace of 
methane to flow into the discharge tube with the vapour of the carbonyl, but 
its exact mass is doubtful owing to the presence of 81*®“’“"*’ and possibly CO’’”*' 
and N. In addition the two ratios have too large a numerical difference for 
really accurate measurement. From the data obtained the most probable 
value of the packing fraction appears to be —10 with a maximum possible 
uncertainty of ±3. This is in good agreement with the curve. 


Chromium Results. 


M*wm numbers of isotopes . 

. «> 

I 02 

53 

54 

liOg reciprocal line intensity . 

1-20 

1 0 00 

0-903 

1’44 

Relative abundance Cr** ~ 100. 

.! 003 

1 100 00 

12-83 

3-80 

Percentage abundance. 

.j 4-9 

; 81-0 

10-4 

3*1 


The concentration of the weight in one isotope gives chromium the very low 
isotopic moment 0-31 and at the same time enables the mean mass number to 
be fixed with imusual accuracy at 52‘068, This corrected for packing fraction 
and change of scale give 

Atomic weight of chromium = 52*011 d: 0*006. 

A value virtually identical with the chemical one. 
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Experiments with Molybdenum, 

The first attempts to obtain the mass-spectnmi of the element were made by 
the method of accelerated anode rays. These were entirely unsuccessful* and 
the chance of obtaining a suitable volatile compound seemed remote until a 
specimen of the carbonyl probably Mo{CO)o, was prepared by Dr. A. v. Grosse. 
This is very like the chromium compound in volatility and other physical 
properties and was found to work almost as satisfactorily when admitted 
to the discharge bulb in exactly the same way. 

The chemical atomic weight of molybdenum is practically a whole number, 
and Bussell, by a theory markedly successful in many cases and founded on 
analogies from the known radioactive disintegrations, had confidently predicted 
it to be a simple element of mass number 90.t It was therefore somewhat 
surprising to find that its mass-spectrum contained no less than seven lines 
92, 94, 95, 90, 97, 98, KX), three of which form isobaric pairs with Zr**®, Zr^ and 
the doubtful Zr®®. This group shows a similarity of abundance more striking 
than that of any other element of such complexity. 

The total intensity of the group of molybdenum rays was probably less than 
that yielded by chromium and as this is divided among seven almost equal 
lines it was by no means easy to get lines dark enough for good photometry 
even with the maximum practicable exposures. For this reason the group 
had to be photographed at a position on the plate giving less than the normal 
resolution. Under these conditions it was only just possible to use the method 
of intermittent exposures. The small range of intensity rendered a single 
ratio of two to one sufficient for the measurements, but the extreme closeness 
of the lines impairs the accuracy of the photometry so that the ratio must be 
taken as less certain than usual. 

A further difficulty was the inevitable presence of the doubly charged 
mercury group. The very weak line could be virtually eliminated, but 

even with the utmost precautions it was not possible to reduce below 

a considerable fraction of the practically coincident line Mo^®®. In order 
to arrive at the true line intensity of the latter the lines of the mercury group 
had to be photometered up and the effect of the mercury line, estimated from 
the known ratios of intensity of the mercury group, subtracted. Incidentally 
these measurements showed that no molybdenum lines of appreciable strength 

♦ ‘ PhU, Mag./ voL 47, p. 390 (1924), 
t ‘ Nature/ vol. 112, p. 588 (1923). 
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could be present at 99 or 101. On account of these difficulties no great accuracy 
can be claimed for the abundance ratios obtained. 

Packing Fraction of Molybdenum. —A provisional value for the packing 
fractions of Mo**® and was obtained by estimating the position of tliese 
lines among those of mercury, which were all assumed to have a packing 
fraction of 0*8. This was done by photometer curves and the most probable 
value appears the same for both lines and equal to — 5 • 5, This is only a rough 
value but adequate for calculating the atomic weight. It is a definitely smaller 
negative value than that expected from the packing fraction curve. 

Molybdenum Results. 

' .‘ '.j i.“i.: "; 

Aias8 numlKjrs (U isoUijKis . 92 94 i 95 i 96 ! 97 98 | U'M* * 

Log reciprocal lino mtenwitv 017 ' 0 34 j O'15 0*10 j 0*38 ! 0*00 | 0*38 

liolative abundance Mo»* loo ; 61 . t> | 43-6 | 67*6 I 77*6 | 41*7 lOO OO i 42*7 

IVrcontagn abundance. 14*2 ) 10 0 j 15*5 j 17*8 j 9*6 j 23 0 | 9*8 

Thesis results, wliich must be taken as provisional only, give for molybdenum 
an isotopic moment of 1*87, the highest yet measurcHl, and a mean mass 
number of 96*025. Correcting for packing fraction and change of scale we get 

Atomic weight of molybdenum — 95*97 i: 0*06. 

A satisfactory confirmation of the value 96*0 now in use. 

Relations behmm Abmvdance Ratios. 

In all seven of the most complex elements of even atomic number have now 
been quantitatively investigated. An element of n isotopes provides \n{n — 1) 
ratios of abundance so that no less than 175 of tliese numbers an; available. 
It must be admitted, however, that analyses of tliese show so far no obvious 
groupings or relationships, and are to this extent disappointing. The research 
is being continued and the results on other complex elements will be published 
in due course. 

Amended Table of Isotopes. 


Kkmont. 

Atomic 

1 number. 

Atomic 

weight. 

1 

Minimum 
number of 

IROtOpUS. 

Maas numbei's of isotopes in order 
of abundant^*. 

Or 

24 1 

1 

52*01 1 

4 

62, 63, 60, 64. 

Zn 

30 

66*38 

7 

64, 66, 68, 67, 66, 69, 70. 

Mo 

42 

96*0 

7 

98, 96, 96, 92, 94. 97. 100. 

Hn 

60 

118'70 

11 

120, 118, 116, 119, 117, 124, 122. 121. 112, 
114, 116. 
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lu conclusion the author wishes to express his thanks to Mr. M, B, Dewey 
for the preparation of the cadmium methyl and to Dr. A. v. Grosse who 
provided the specimens of chromium and molybdenum c^arbonyls which gave 
such succeasful results. 

Summary, 

Further experiments on the measurement of the relative abundance of 
isotopes by means of the photometrical intensity of lines in mass-spectra are 
described, unsuccessful with cadmium and germanium, successful with zinc, 
tin, chromium and molyMenum. 

These have resulted in correction of the order of intensity in the case of 
zinc and tin and in the discovery of three new isotopes of chromium and the 
seven isotopes of molybdenum. 

Numerical values of considerable accuracy are given for the percentage 
abundance of each isotope and for packing fractions where not known already. 
From these the isotopic moments and atomic weights of each element are 
calculated. The latter are all in good agreement with the chemical values. 


The Rate of Loss of Energy by ^-Particles in Passirig through 

Matter, 

By E. J. Williams, D.Sc., Manchester University. 

(Communicated by W. L. Bragg, F.R.S.—Received September 25, 1930.) 

§ 1. Introduction, 

This paper deals with the rate of loss of energy by p-particles in passing 
through matter. Though much work has been done on this effect,beginning 
with the experiments of Lenard in 1895, there is still a great deal of uncertainty 

♦ W. Wilson, ‘ Proc. Roy. Soo.,’ A, vol, 82, p. 612 (1909), vol. 84, p. 141 (1910), and vol. 
87, p. 310 (1912); R. Whiddington, ‘ Proc. Roy. Soc./ A, vol. 86, p. 360 (1911) and vol. 89, 
p. 654 (1918); von Baeyer, * Phys. Z.,’ vol. 23, p. 485 (1912); Danysz, ‘ C. R.,’ vol 154, 
p. 1602 (1912); ‘ J. Physique,’ vol 3, p. 949 (1913) and vol 5, p. 527 (1915); W. F. 
Rawlinson, ‘ Phil Mag.,’ vol 30, p. 627 (1916); Varder, * Phil. Mag,,’ vol 29, p, 726 (1916); 
J. A. Gray and A. V. Douglas, ‘ Phys, Rev.,’ vol 19, p. 432 (1922); Douglas, ‘ Trans. Roy, 
8oc.,* Canada, vol 10, p. 113 (1922); B. F. J. Sohonland, ‘ Proc. Roy. Soo.,* A, vol 104, 
p. 236 (1923) and vol 108, p. 187 (1926); Terrill, * Phys. Rev.,’ vol 22, p. 101 (1923), 
and vol 24, p. 616 (1924); J. Thibaud, * J, Physique,’ vol 6, p. 334 (1926); J. 
d’Espine, * C. R.,’ vol 182, p. 468 (1926); ‘ J. Physique,’ vol 8, p. 602 (1927); E. Madg- 
wiok, * Camb. Phil, Soc. Proc.,* vol 120, p. 701 (1928); E, Becker, ‘ Ann. Physik,’ vol 78, 
p. 209 (1926); P. White and O. Millington, * Proc. Roy, Soc.,’ A, vol 120, p. 701 (1928). 


Loss of Ewrgy by ^-Par'ticles. 


311 


in connection with it. This is largely due to the fact that in most of the experi¬ 
ments which have been carried out the observations cannot be accurately 
interpreted on accoimt of the complications which arise from the considerable 
scattering and straggling which p-particles suffer in traversing matter. There 
are, however, at the present time two methods of obtaining values for the rate 
of loss of energy by ^-particles which are practically free from these sources 
of error. One is the Wilson cloud method, and the other consists of an analysis 
of the losses of energy suffered by ^-particles in traversing thin material foils 
—of thicknesses small compared with the range of the particles. The purpose 
of the present pai>er is to give reliable experimental values for the rate of loss 
of energy by p-particles obtained by means of these methods. Those for 
“slow*’ p-particles with velocities between about 0* * § 1 and 0'3 times the 
velocity of light (c) are the results of new observations by the cloud method 
on the ranges of p-particles in oxygen, and of previous observations, using the 
same method, by Nuttall and the author’** on the ranges in hydrogen and in 
argon. The ranges obtained by the cloud method differ considerably from 
those obtained in experiments in which the effect of intercepting a beam of (3- 
particles with a foil on the number, or energy, of the emergent particles is 
observed.! The quantity taken as the “ range ” in some of these experiments 
can also be measured by the cloud method. Measurements of this kind have 
been made, and they show that the difference between the range obtained by 
the cloud method and that obtained by the “ foil ” method is entirely due to 
the errors incurred in the latter by the effects of scattering and straggling. 
The cloud method is not suitable for determining the ranges of “ fast ” p- 
particles, since the track of a p-particle with an initial velocity of about 0-5 c. 
or greater is too long to be contained in a cloud chamber of reasonable dimen¬ 
sions. J The values which are given in this paper for the rate of loss of energy 
by fast p-particles are based on observations made by means of the second 
method mentioned above, in which the p-particles are passed through thin 
foils. The effects of scattering and straggling in such experiments were 
recently calculated by the writer. § The results obtained in that work enable 

* ‘ Phil. Mag.; vol. 2, p. 1109 (1926). 

t Wilson, Varder, Gray and Douglas, Schonland, Ton-ill and Madgwick, loc, cU. 

X Throughout tho paper the term “ slow ” p-particlea is used to denote electrons with 
velocities between about 0 • 1 o. and 0 »4 o. (energy between 2,000 and 50,000 volts), whilst 
eloctrona with velocity greater than about 0*5 c. (energy greater than about 100,000 volts) 
are referred to as “ fast ” ^-particles. 

§ * Proc. Roy, Soc.,* A, vol. 126, p. 420 (1929). 
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UB to make an accurate interpretation of the observations, provided the thick¬ 
ness of the foil used in the experiments is not greater than about a fifth of the 
range of the p-particles.* The only experiments in which this condition is 
satisfied^ and in which the data obtained are sufficiently full, are those carried 
out by White and Millington,f and the results given here for fast fi-particles 
are based on an analysis of the observations of these workers, The results refer 
to a range of velocity from about 0*5 c* to 0*97 c. These and the rcsalta for 
slow ’’ ;3'partic]es cover a range of velocity from about 0*1 c. to 0*97 c.— 
from a region where relatively (effects are small to where they are largo. It 
might he pointed out that this range is much wider than that which is open to 
investigation in the case of a-particles. It also refers to greater velocities^ 
and this circumstance is of considerable importance in connection with the 
conditions of applicability of the theoretical formulae. 

The theory of the loss of energy by moving electric particles according to 
chissical mechanics was considered by Bohr in 1913, and the formula obtained 
by him also very nearly represents the requirements of the new quantum theory 
as far as these have been ascertained.§ In this paper we shall compare the 
experimental results with Bohr’s formulae. A fuller discussion of the relation 
between theory and experiment is given in the next paper, which deals with 
the collective significance of the present results, and of the results of previous 
investigations by the writer on other phenomena connected with the loss of 
energy by ^-particles. 

The theoretical formulaD required in this paper are given in § 2. The experi¬ 
mental results obtained for “ slow ” |3-particle8 by the cloud method are 
given in § 3, and compared with the theoretical values. In this section an 
account is also given of the observations made by the cloud method on the 
quantity taken as the range in “ foil ” experiments. The results obtained for 
fast ^-particles are given in § 4. 

§ 2. Theoretical Fonmlm* 

According to Bohr’s theory, the average rate of loss of energy by p-particles 
with velocities small compared with that of light is given by 

dT/efcc = (47tNc^/mtJ*) S log (1) 

f 1. 

The effect of scattering depends, of courfie, on the atomic number of the element 
traversed, and this result applies to light elements such as aluininium. 
t Loc, cAt 

I The velocity of the fastest a-particles available is only about 0*07 e. 

§ J. A. Gaunt. ‘ Camb. Phil. Soc. Proo./ voL 33, p. 732 (1927). 
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where S¥ is the average energy lost in travelling a distance dz, N is the number 
of atoms of the element traversed per unit volume, Z is the number of electrons 
per atom, is the natural frequency of the rth electron in the atom, e and m 
are the electronic charge and mass respectively, v is the velocity of the p- 
particle, and y is a constant the numerical value of which is 1*123. If we 
represent the geometric mean of the frequencies of the electrons in the atom 
by V and substitute for y, then (1) may be written 

l^jdx == (47rNZc^/wt?2) log (1 • 123 v»/47r ve®). (1 a) 

Bohr’s fonnula requires a small correction on account of the fact that in 
practice the electron with greater energy after a collision between a ^-particle 
and an electron is taken as the ^-particle.* This correction may be made by 
introducing a factor ^(5/4) into the log term, the corrected value being 

^jdx ^ (47rNZeVmz;«) log (0 • 92 v3/47rVe^). (2) 

The correction amounts to only about 3 per cent, in rfT/dx, 

The conditions of applicability of Bolir’s formuhe require 

p t^/v. (3) 

The first quantity is the distance the “ knocked ” electron would move during 
a collision if it were free, whilst v/v represents the distance the ^-particle 
travels during one free period of the atomk electron, p represents the dimen¬ 
sions of the orbit of the atomic electron. 

As we shall see in § 4, the eoKperimental results for fast p-particles obtained 
with the ** foil ” method do not refer to the rate of loss of energy due to all 
collisions, but only to collisions in which the energy lost is less than a certain 
quantity M. The theoretical value of this quantity, corrected for relativity 
effects, is according to Bohr’s theory given by 
d^T/dx ^ (27cNZ6Vwv 2) {log M - log 

+ iog(^yT^)^n (4) 

where j5 represents the ratio of the velocity of the p-particle to that of light. 
The conditions of applicability of this formula require, in addition to (3), 

(SttV/I • 123%) < M < T. (5) 

On the quantum theory, as applied by Gatmt, 

M>J (6a) 

* A head*on collision, for iiistanoe, contributes nothing to the observed stopping power, 
though the original P^partiole k>ses all its energy in such a collision. 
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where J is the ionisation potontiah must also be satisfied (see following paper). 

In comparing theory and experiment it is often more convenient to deal 
with the quantity 

P =. {dTldx) (27rNZe^/wv»), (6) 

than with dJIjdx itself. For a given velocity P is a measure of the average 
stopping power per electron of the material traversed. Its values corresponding 
to (2) and (4) are 

P==:21og(0-92t;»/47rve») (7) 

Pjj rii:: log M — log (BttV v^/l • I23^mc^) + log (P*/l ““ P® (8) 
respectively. 

In dealing with the experimental results we shall also have occasion to 
refer to the classical number of collisions (Q) dQ in which a ^-particle loses 
energy between Q and Q + dQ in traversing an atmosphere of free electrons 
initially at rest. This is given by 

<i>o (Q) = (9) 

where n is the number of electrons per unit volume. 

§ 3. Ranges qf, and Rate of Loss of Energy by, “ Slow ^-particles, 

(0-1 <p<0-3).. 

The theoretical formulaa for the jate of loss of energy given in the preceding 
section refer to the energy lost by a p-particle in travelling a given distance 
measured along the path of the particle. On account of scattering, this distance 
may differ considerably from the direct distance between two points on its 
path. The formulas also deal with the average rate of loss of energy. In 
view of those facts, the quantity that it is desirable to determine in experiments 
on the ranges is the average value, R, of the ranges measured along the paths 
of the particles. The cloud method enables us to determine this quantity, 
and it is the method used in the present observations. It was previously 
used for measuring ranges by Wilson* in 1922 and later by Nuttall and the 
author.*}- As in the experiments of the latter, the present observations were 
made on tho ranges of ^-particles generated photoeloctrioaUy in a Wilson 
cloud chamber by X-rays reflected from a crystal, the initial energy being 
accurately known from the wave-length of the X-rays. J 

♦ ‘ Froc. Roy. Soc./ A, vol. 104, pp. 1 and 192 (1923). 

t Loc. cU. 

t Gharaotemtio rays were reflected and the wave-length was known within about 0*2 
per cent. 
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The ranges obtained in the present and previous investigations with the 
cloud method are in substantial agreement, but they all differ considerably 
from the ranges obtained in experiments in which the p-particles are passed 
through solid foils, such as those carried out by Schonland** The ranges in 
aliuninium according to the formula obtained by Nuttall and Williams for 
light elements are, for instance, about 40 per cent, greater than the ranges in 
aluminium obtained by Schonland with the foil method.f In view of the many 
investigations that have been made by the foil method, it is desirable that this 
large difference between the results obtained by means of it and those obtaintid 
by the cloud method be explained. For this purpose observations have been 
made by the cloud method on the quantity taken as the range in Schonland’s 
experiments. In the latter the p-particles are passed through foils of different 
thicknesses and the number of emerging particles observed. Schonland plots 
this number against the thickness of the foil and takes the intercept on the 
thickness axis made by the tangent to the flat part of 
the curve as the range. The same quantity (;an be 
determined by the cloud method by measuring the 
distance travelled by a fi-particle parallel to its 
initial direction (see fig. 1). The number of (ii-particles 
for which R/ is greater than a (Mvrtain quantity d 
is then the number that would emerge from a foil of 
thickness d. The results for ^-particles with initial Fia. L 

energy of 19,590 volts in oxygen are represented by 
curve (a) in fig. 2a, and for p-particles with the same initial energy in argon 
by the curve in fig. 2b,X The quantity taken as the range in Schonland's 
experiments is represented by Rp in these figures. For oxygen the ^rue 
average range R is about 24 per cent, greater than Rp, and for argon R is 

* Loc. cit 

t Acoorcling to the formula of Nuttall and Williams, tho mean range R of p-particloa 
with initial energy T electron-volts, in matter containing n electrons per cubic contimetro, 
is given by 

R--7-7 X 10”TV», (10) 

this mult applying to elements with atomic miml>er up to argon (z ™ 18), The difference 
between the range in aluminium according to this formula and that obtained by Schonland 
cannot be attributed to the fact that (10) is based on observations on gases ; since both 
on theoretical grounds and from the observed ranges of a-particles in gases and solids, 
there is no reason to expect any appreciable effect of physical state on the stopping power 
of a substoncre per atom. 

X The individual values of R,- in these cases were not measured with a high degree of 
accuracy. The resultant curve is, however, stifliciently accurate for our present purpose. 
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about 48 per cent, greater than Ry. The ratio of R to Rj. depends upon the 
ratio of the scattering power of the material traversed to its stopping power, 
and is therefore greater the greater the atomic number. The atomic number 
of aluminium is midway between those of oxygen and argon, so that the ratio 
of R to Rj. for aluminium is in the neighbourhood of 1 • 35. This agrees satis¬ 
factorily with the ratio of the range in aluminium given by the formula of 
Nuttall and Williams, to the range obtained by Scjhonland.* The observations 



Fia. 2a. —Oxygon. True Mean Range, R — 55*1. Foil Range, Rf 44. Foil Range 

(no scattering) RV =-71. 



* In the case of p-particles with initial energy of 24^300 volts, for instance^ the ratio of 
the range according to (10) to the range obtained by Schonland is 1 37. 
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represented in figs, 2a and 2b thus reproduce the results obtained by the foil 
method, and since we know that the difference between R and Ry in the present 
experiments is entirely due to scattering and straggling, it follows that these 
are the effects whicli are the sources of error in the foil method. Before 
leaving this matter it is instructive to consider curve (6) in fig. 2a. It represents 
the results that would be obtained by the foil method if no scaiterin^g took place, 
and has been constructed by taking R, equal to the true range measured along 
the path of the particle. The value of the ratio R/Rj,. for this curve is 0-78. 
This result shows that if no scattering took place the range obtained by the 
foil method would on account of straggling be nearly 30 per cent, greater than 
the average range. Tlius straggling as well as scattering has considerable 
effect on the range obtained in foil experiments, the effect of straggling 
opposing that of scattering. It is the fact that both these effects are involved, 
and that they are both of a first order of magnitude that makes it practically 
impossible to make an accurate interpretation of the observations made on 
ranges by the foil method. 

The observations of Nuttall and Williams on tlie rang(VH were made on fi- 
particles of different initial energies in different gases, about 12 different cases 
being dealt with. The results show the nature of the variation of range with 
initial energy and atomic number of the element tra versed, but, as only about 
20 tracks were measured in each case, the absolute value of the range was 
in no case found with great accuracy. The purpose of the present observations 
on ranges is to supplement these results by obtaining the absolute value of 
the stopping-power for one or two cases as accurately as possible, (^-particles 
show considerable straggling, the curve of distril)Tition of ranges having a half- 
maximum width equal to about 40 to 50 per cent, of the mean range. As a 
result, it is necessary to make observations on a large number of p-partioles in 
order to obtain an accurate value of tin* mean range. In the present work 
observations were made on about 400 p-particles, the probable error due to 
straggling in the two cases investigated being not more than 1 or 2 per cent. 
In these observations special attention was also paid to tracks with branches.’" 
These have mucli less than the average range and are mostly responsible for 
the “ tail ” of the straggling curve on the short-range side. They do not 
occur very frequently, but if they are not included in the observations the 
corresponding mean range does not give the rate of loss of energy due to all 
collisions. In the present observations the total number of tracks measured 
is sujB&ciently large that those with branches are well represented, so that the 
results give the rate of loss of energy due to all collisions. 
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A third matter which must be considered in order to obtain accurate results 
is that even with the cloud method it is not possible to follow the path of a 
particle right up to the end of its range owing to the effects of scattering and of 
the finite thickness of the photograph of cloud tracks. The error which thus 
arises from scattering can, however, be allowed for. The correction is small, 
and we shall therefore only briefly mention the following points upon which it 
is based :—(1) Under the same conditions of observation the correction is 
the same for ^-particles with different initial energies, being an ‘"end” 
correction; (2) the direct range from the origin of a track to its end can be 
measured without any errors due to scattering ; (3) the ratio, r, of the range, 
measured along the path to the direct range, is for the same gas practically 
independent of the initial energy, T ; whilst the small variation with T that 
does take place can bo estimated from observations on the much larger varia¬ 
tions of Y with atomic number. The estimated magnitude of the correction in 
the present experiments is only 0*008 cm. (at N.T.P.), which is about 1 per 
cent, of the ranges of the faster group of (3-particles dealt with, and about 
7 per cent, of the ranges of the slower group. The correction is of course 
added to the range. 

The observations were made on the ranges in oxygen of 200 fi-particles with 
initial energy of 19,690 volts, of 87 with initial energy of 22,130 volts, and of 
114 with initial energy of 7,5G0 volts. The mean ranges obtained for these 
three groups (reduced to N.T.P. conditions) are 0*644 cm., 0*847 cm., and 
0*117 cm, respectively. The initial energies of the first two groups are so 
close that it is better to consider them together and express the results as 
the range for an intermediate energy.* By combining the two groups in this 
way, we obtain a range of 0*709 cm. for p-particles, with initial energy of 
20,440 volts. This result depends on observations on about 300 tracks, and 
the probable error due to straggling is only 1 per cent. 

Before giving the table of results, it is necessary to point out that, owing to 
the existence of straggling, tlie mean rate of loss of energy, represented by 
rfT/dx, is not exactly equal to the differential dT/dR, where R is the mean range 
of particles with initial energy T.f This has been allowed for in the present 

♦ Ah the range of p-partichvs docs not vary linearly with their initial energy, the arith¬ 
metic mean range of two groups of p-particles is not exactly equal to the range of p-particlcs 
p;>sse 9 sing their mean energy. The energies of the two groups imder consideration are, 
however, so close that tliis offoot is negligible, being less than 0 -1 per cent. 

t Let dT be the average ejiergy lost by p-partioles in travelling a distance dx. Owing 
to straggling, the actual energy losses suffered by individual particles differ from dT, and 
\inless the moan range is a linear function of the energy, the mean remaining range of 
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work by using the following relation between dT/dx and dT/dli, derive<i by the 
writer* some time ago 

dT/d^. ^ dT/dR ^ QV(Q)dQ+ ... 

1 d'’R dT 

+ QV(Q)rfQ + ..-. (11) 

^(Q)dQ represents the frequency of collisions in which the energy lost is 
between Q and Q + dQ, and and are the limits to the possible value of Q. 
The right-hand side of this equation is almost entirely represented by the first 
term, whilst the integral in this term depends almost entirely on the values 
of <f>(Q} for large valu<3S of Q. This integral can therefore, if necessary, be 
evaluated experimentally from observations with the cloud method on the 
frequency of branches.f This means that we can deduce the actual values of 
dT/dx from the experimental values of dT/dR without recourse to theory. 
However, as the difference between dT/dx and dT/dR is only about 2 per cent., 
and as the observed number of branches is roughly the same as the theoretical 
value, whether we evaluate the right*hand side of (11) experimentally or not, 
is more a matter of principle than of numerical importance. 

The experimental results and the corresponding theoretical values according 
to Bohr’s formulae are given in the following tables. The experimental values 
for oxygen are those obtained in the present observations, the most accurate 
result of all beiug that for the distance travelled in losing energy from 20,440 
volts to 7,560 volts. J The results for argon and hydrogen are those obtained 
in the observations of Nuttall and Williams with a small correction for the 
effect of branches. In Table I the results are expressed in terms of ranges, 
and in Table II in terms of the quantity P defined by (6). 

In calculating the theoretical values given in the above tables Stoner’s 
distributions of electrons in the atoms are assumed, and the natural frequencies, 
V, of the electrons (which appear in Bohr’s formula) are taken equal to the 
ionisation potential, J, divided by Planck’s constant, i.e., 

V = J/k (12) 

all the particles is not the same as the mean range of particles, all of which possess the mean 
remaining energy T — dT. The mean remaining range, therefore, depends not only upon 
the mean loss of energy in travelling the distance dx, but also upon the stragglixig produced 
in this distance. 

* ‘ Camb. Phil. Soo. Proc./ voL 24, p. 316 (1928). 

t K. J. Williams, ‘ Proc. Boy. Soo.,» A, vol. 128, p, 469 (1930). 

X This is independent of any “ end ” correction. 

VOL. OXXX.—A. 
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Table I.—^Ranges of p-partioles. 


Ga». 

1 

j 

XnitiAl 
energy^ T 
(voItB). 

Initial 
velocity 
(in terms 
of c). 

Ofaeervod 
Range, K, 
at N.T.P. 

(cm,). 

Theoretioal 
range 
according 
to Bohr's 
formula 
(equation (2) 
for Sr/tte.) 

Observed 
range ^ 
theoietioal 
range- 

Oi^gen. 

7,560 

0 170 

0*11, 

0 070 

1-67 


20,440 

0*275 

0*70, 

0*417 

1*70 


20,440*-7.560 

0*275-0*170 

0*59a 

0*347 

1-70 

Hydtogen.i 

4,800 

0*136 

0*36 

0*214 

1*64 


7,560 

0 170 

0*72 

0*492 

1*47 

Argon. 

1 

20,440 

0*275 

0*67 

0*410 

1*04 


Table II.—Stopping Power per Electron, P = d^Tjdx ^ (2wNZe*/»»v*). 


Gas. 

Energy 

(volts). 

Velocity, 

(in terms of c). 

1 

P 

(observed). 

1 

P 

(theoretical) 
(equation (7)). 

] 

Oxygen . 

4,800 

0136 

8-9 

14*8 

1 

14,000 

0*230 

10*6 

18*0 

Hydrogen . 

3,100 

0*110 

9*9 

15*8 


4,800 

0*136 

11*7 

17*1 

Argon . 

14,000 

1 0*230 

10*0 

16-3 


The observed values of J are used in calculating v from this formula.* As v 
occurs inside a log term, the expression for the stopping power is not very 
sensitive to changes in its value. A change of 50 per cent, in v, for instance, 
affects the stopping power by only 4 per cent. It is therefore not important 
to know the exact value of v. 

Numerous comparisons of Bohr’s formula with experiment have been made 
by other workers, but in no case is there an indication of the large discrepancies 
found here. In his original paper on the subject, Bohr showed that the varia- 


* Tho following are the atomic data used r 


Hydrogen, H,. 

Oxygen, 0,. 


Argon, Aj. 

2 eleotrona, J ^ 16 volts, 

4K electrons, J » 600. 

2K electrons, J = 3200. 


4L „ J= «0. 

2L 

„ J « 820 . 


II 

6L 

,, JT =« 240. 



8M 

J = 16. 
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tion with velocity of the stopping power of air for a-particles was satisfactorily 
given by his formula, and that the values of the frequency v which had to be 
substituted in the formula to give the absolute value of the observed stopping 
power, were in reasonable accord with the current theory of the atom. Fowler* 
in 1925 (in a reconsideration of Bohr’s theory on the basis of electron orbits), 
considered the relation of Bohr’s formula to the results for oc-partioles traversing 
hydrogen. He found that the theoretical value of the stopping power for the 
a-particles from KaC (V ::r 2 x 10® cm. sec.) was within about 5 per cent, 
of the theoretical value. The case of fast ^-particles was considered by White 
and Millington,! found that the theoretical and observed values did not 
differ appreciably, though the differences were outside experimental error. 
The validity of the formula for slow p-particles traversing aluminium was 
considered by SchonlandJ and he concluded that the theoretical stopping 
power for the whole range of velocity investigated was in ‘‘ excellent agreement ” 
with experiment. Previous comparisons with experiment are therefore in 
favour of Bohr’s formula as a quantitative representation of the experimental 
results. 

The results given in the above tables do not support this position. The 
observed values of the ranges are on the average about 60 per cent, greater 
than the theoretical values.§ The conditions of applicability of Bohr’s formula, 
given by (3), are fully satisfied in all the cases represented in the tables, so that 
the differences cannot be attributed to this source. Neither can they be 
attributed to uncertainties in the data used for calculating the theoretical 
values. The frequency v is the only quantity to which such uncertainty can 
be attached, but the theoretical values are so insensitive to v that its order of 
magnitude would have to be altered in order to explain the observations. 
Moreover, the differences between theory and experiment are nearly as large 
for hydrogen as for the other gases, though there is much less doubt about the 
data for hydrogen, there being only one energy level for which the dispersion 
frequency is accurately known. 

The values according to Bohr’s formula have also been calculated using 
values of v which make the formula fit with the observed values of the stopping 
power of the elements concerned for a-particles. Even with v adjusted in this 

• ‘ Camb. PhU. Soo. Proc.,’ vol, 22 (1925). 

t Loc» oie. 

X Loc, eU. 

J This large discrepancy was first demonstrated by the writer in * Manch. Mem.,* vol. 
71, p. 25 (1927), in discussing the cloud observations made in collaboration with J. M. 
Nuttall. 

Y 2 
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way the discrepancies are almost as large, the observed ranges being still about 
40 per cent, greater than the theoretical ranges.* This result also indicates 
that the variation of the rate of loss of energy from a-particlea to p-particles, 
i.e., with the charge and mass of the moving particle, is not correctly given 
by Bohr’s formula. 

As regards the variation with velocity, we see that both the observed and 
theoretical values of P, in Table II, increase with the velocity. Since P is 
defined as (dT/(fa) X /bV, this means a departure from the Thomson-Whidding- 
ton fourth-power law of the variation of range with velocity. The most 
accurate values given in the above tables are those of the present observations 
on oxygen. These correspond to the law 

K oc oc \ (13)t 

The departure from the fourth-power law is dcjfinitely outside experimental 
error. The observed departure, in terms of the increase in P with velocity, 
is, however, not as large as that required by Bohr’s formula. 

Bohr’s formula also very nearly represents the requirements of the new 
quantum theory as far as they have been ascertained by Gaunt. J Gaunt’s 
calculations were actually made for hydrogen atoms, but it is very unlikely 
that the difference between Bohr’s formula and experiment can on tlie quantum 
theory be attributed to this fact. In the first place, if this were the case, we 
would expect the difference between Bohr’s formula and experiment to be less 
the closer the approach of the atoms dealt with to hydrogen atoms. The 
atoms in the hydrogen molecule are a good and probably the closest approach 
to hydrogen atoms available, but we see from the above tables that the differ¬ 
ence between the theoretical values and the observed values is almost as big 
for Hji as for the other gases dealt with. The actual value of the observed 
stopping power of Hj corresponds to a value of the constant y in the theoretical 
formula (see equation (1)), which is about 20 times less than the theoretical 
value of y calculated by Gaunt for hydrogen atoms. Though a small variation 
of y from H to may be allowed on theoretical grounds, it is difficult to 

^ In making a Bixnilar oomparieon for aluminium, Sohonland (loc. c«f.) Immd that the 
theoretioal values agreed within 1 or 2 per cent, with the observed values. As shown at 
the beginning of this section, the ranges obtained by the method used by Bohonland involve 
large errors due to scattering and straggling, and the agreement of the results with theory 
is accidental. 

t The index of T is not exactly one-haU that of v on account of relativity effects* 

% Loc. ctf. 



Loss of Energy by ^^-Particlea. 


323 


admit a variation of thk magnitude.* Another objection to attributing the 
difference between the theoretical and observed values in the above tables 
to the fact that Gaunt^s calculations were made for hydrogen atoms is that 
Bohr’s formula fails to give correctly the variation of the stopping power from 
a-particles to ^-particles. This shows that the exact form of Bohr’s formula 
is not correct, whilst Gaunt points out that if calculations similar to those 
made by him for hydrogen atoms were made for Hj or other gases, the form of 
Bohr’s formula would certainly be maintained. We conclude that though 
Gaunt’s calculations were made for hydrogen atoms, the discrepancies between 
the theoretical formulae and experiment cannot be attributed to this fact. 

§ 4. Rate of Loss of Energy by Fast ^-jmrticles. 

As mentioned in the introduction, the values of the stopping power for fast 
P-particles given in this paper are based on expf^riments on the losses of energy 
suffered by fi-particles in passing through thin foils. In such experiments the 
energy of the emergent particles is observed by a magnetic analysis—usually 
in conjunction with a photographic method. The spectrum of the p-particles 
not intercepted by the foil consists of a narrow line, whilst those which have 
traversed it give a wider line in a different position. The distance from the 
first line to the point of maximum intensity in the second is called the peak- 
displacement. This is the quantity measured in the experiments, and it 
represents the most probable loss of energy, dpT, in traversing tlie foil. 

The statistical theory of the energy losses in thin foils was first considered 
by Bohrt and later more fully by the writer. J The calculations made show that 
dpT is very much less than the average loss of energy, on account of a small 
number of violent collisions which little affect the shape of the curve of dis¬ 
tribution of losses in the neighbourhood of its maximum, but which contribute 
appreciably to the average loss. Bohr made an approximate estimate of 
dpT, and showed that it was little affected by the collisions for which Q is 
greater than a certain quantity, S, which, using the classical expression (9) 
for <f> (Q) is equal to { 27 zlHZe^jmv^)t ^ kt, t being the thickness of the foil. In 
the more detailed calculations made by the writer the actual form of the curve 

♦ The diffeienoe between the observed and theoretical stopping power of hydrogen for 
a-particles is much less than for ^-particles, and results for a-particlea therefore give a false 
impression of the degree of accuracy of Gaunt's formula—the value of y corresponding 
to the observed stopping power of molecular hydrogen for a-particles being of the same 
order of mag:nitude as its value in Gaunt's formula for atomic hydrogen, 
t ‘ PhU. Mag.; voi. 30, p. 5S1 (1915), 
t * Proc. Roy Soo.,* A, vol. 125, p. 420 (1929). 
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of distribution of losses is deduced, tbe position of the maximum, which gives 
dpT, being thus accurately determined. According to the result obtained, 
the efiective upper limit to the values of Q in the collisions which contribute 
to dpT is This result depends on the use of the classical value of ^(Q). 

The experimental results which we shall use here are those obtained in the 
experiments of White and Millington. The analysis of the stTogglir^ observed 
in these experiments shows that the actual values of (Q) in the neighbourhood 
of Q — S are 2*3 times the classical values.* The actual upper limit to the 
values of Q which affect dpT in these experiments is therefore given by 

S'-=2'3 X (14) 

This differs appreciably from the classical limit, hi, used by Bohr, and, 
though the limit occurs in a log term, the error incurred in this respect by the 
use of Bohr’s formula is about 10 per cent. 

Since S' depends upon the thickness of the foil the most probable rate of loss 
of energy, dpT/dx, also involves this quantity. The thickness of the foil used 
in the observations must therefore be given, as well as the values of dpT/da?, 
in recording the experimental results. It is desirable that the experimental 
results be expressed independently of such an incidental factor as the thickness 
of the foil used in the experiments. In the present analysis this has been 
done by calculating from the observations on dpT/dx and U the rate of loss of 
energy d^T/dx due to collisions for which Q is less than a constant value W. 
The relation between d^T/dx and dpT/dx is given by 

dwT/dx == dpT/dx + 2 - 3 ifc log (W/S'). (16)t 

In the experiment of White and Millington the values of S' vary from about 
700 to 2000 volts, and in order that the reduction from d^T/dx to d^T/dx should 
involve as little change as possible, the value of W has been chosen equal to 
1600 volts, which is within this range. With this value of W the reduction in 
no case exceeds 6 per cent. 

The effect of scattering on the distribution of energy losses in the foil was 
considered in the writer's earlier paper on straggling. The results obtained in 

♦ See p. 442 equation (26o) of earlier paper on straggling (* Proo. Roy. Soo./ A, voL 
125. p. 420 (1929)). 

t The actual value of ^ (Q) in the region of Q S' is 2*3 times the olassioal value given 
by (9), *.e., equal to 2 * 3 ^/Q* The actual energy lost in collisions for which S' < Q < W 

is therefore equal to 2-3 QdQ/Q* = 2*3 i log (W/S'). This gives the difference 

between dwT/da: and dpT/da;. 
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tliat work have been used in correcting the observed values of dftfdx for this 
effect. A correction has also been made for the fact that the average velocity 
in the foil is not exactly equal to the incident velocity. This correction and 
that for scattering amount on the average to about 5 per cent. 

The results are given in the following table. d^T is expressed in kilovolts and 
dx is expressed in terms of the “ mass ** traversed in mg./cm.*. The experi¬ 
mental values are based on the observations of White and Millington, except 
for the first value (p = 0-62), which is deduced from an observation by Becker 
on the energy lost in passing through an aluminium foil. 

Table III.—^Rate of Loss of Energy in Mica by Fast p-particles due to Collisions 
for which Q < 1,800 Volts. 


vIC^p. 

T 

(kilo¬ 

volts). 

Experimental 
values of 
dwT/dic 
(kilovolts 
per 

gm./om.*). 

dyfTjdx 

Theoretical 
values of 
dwT/dr 
(equation 

(Ifi) ). 

Theoretical 

value 

4 “ 

Experimen- 
tal value. 

Pw (eipt.) 
r^'^wT 

L dx 
/2»NZ«‘\n 

mv* jJ* 

PwCttV 

(equa- 

tion{17)). 

0»52 

88 

2600 

106 

5100 

1-86 

9*6 

18*0 

0-64 

165 

1980 

1*02 

8720 

1*88 

10*6 

19*0 

0‘70 

205 

1680 

1*07 

3200 

1*90 

10*7 

20*3 

0*75 

262 

1600 

1*05 

2830 

1*76 

11*7 

20*6 

0'80 

341 

1440 

1*11 

2320 

1*75 

12*0 

21*0 

0-87 

608 

1360 

1*02 

2200 

1*62 

13*4 

21*7 

0*040 

045 

1110 

107 

IWO 

1*76 

12*8 

22*6 

0*960 

1310 

1130 

1*04 

1010 

1*60 

13*6 

23*0 

0*090 

3110 

— 

— 

1020 

— 

— 

24*4 

0*0,0 

1*3X10« 
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The theoretical value of d^T/dr is given by (4), provided we substitute W 
for M. The value thus obtained is 
dr^Tjdx == (27tNZe*/mtJ*){ log W — log (87t*e*v*/l • 123* md^) 

+ iog(Pvr=^)--p*} ( 16 ) 

the corresponding value of P is 

Pw = log W - log (8nV V«/1 • 123* «ic«) + log - p» (17) 

The theoretioal values given in the above table are calculated from these 
foimulffi. These values are seen to be about 80 per cent, greater than the 
observed values.*' This difference is greater than, though in the same direotion 

* The diffexenoe between Bohr^s theory and experiment is much greater than that found 
by White and Millington in dkouming their results. This is due to several causes, all of 
which act in the same direction. These include the statistical enror in the formula for the 
peak-displacement used by White and Millington, the error due to scattering in the foil, 
and the fact that these authors did not consider the absolute theoretical values but only 
those calculated from values of v adjusted to fit a-partiole data. 
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as that fotmd for slow p-particlea. The values of d^T/dx according to (16), 
using values of v which give the observed stopping power of mica for a-partioles, 
have also been calculated. The values obtained, though nearer the experimental 
values, are still about 60 per cent, in excess of them. 

The conditions of applicability of the above formulae as far as the classical 
theory is concerned (equations (3) and (6)) require ^ W ( = 1500) << T. 
These are fully satisfied. On the quantum theory it would, however, be more 
satisfactory if W were also appreciably greater than the ionisation potentials, 
J, of the electrons in the atoms traversed (equation (5a) ). The material 
traversed in the experiments under consideration is mica, half the electrons in 
which have ionisation potentials \inder 100 volts. However, about 20 per 
cent, of the electrons in it are K electrons, for which J is about 500 volts and 
greater. The condition W ^ J may therefore not be adequately satisfied. 
However, the values of d^T/dx for values of W greater than 1600 volts may be 
obtained by using experimental data for the values of <j> (Q) for Q > 1600, 
obtained from an analysis of White and Millington’s observations on straggling,* 
and from the observations of the author and Terrouxt on the frequency of 
branches. It is found in this way that for W = 10,000 volts, the theoretical 
value of d^T/dx for p-particles of velocity 0*76 c, is about 60 per cent, greater 
than the observed value, whilst with values of v adjusted to fit a-particle data, 
the excess is about 30 per cent. The discrepancies are less than for W = 1600, 
but as W is now much greater than the ionisation potential of the most firmly 
bound electrons in the material traversed, the discrepancies can no longer 
be possibly attributed to the condition W > J not being satisfied. 

We see from the table that the theoretical variation of with velocity is 
approximately the same as the observed variation. In both cases increases 
by about 4, as the velocity increases from 0 • 62 c. to 0 • 96 c.—half the theoretical 
variation being due to the relativity terms. 

The constancy of the values in column 4 of the table shows that dy/T/dx 
itself is within experimental error proportional to ; its absolute value 
being approximately represented by 

dyyTIdx = 1 'Oe kilovolts per gm./cm.* (18) 

This law of variation with velocity is very nearly the same as that found for 
the variation of the primary ionisation by Williams and Terroux.J This 
important result is discussed in the following paper, 

* Xoc, cU. 

t * Proc. Roy. Soc.,’ A, vol. 126, p. 289 (1930). 

} Loc. cU. 
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§ 5. Summary. 

Experimental values for the rate of loss of energy by ^-particles with velocities 
ranging from 0*1 c. to 0*97 o. are given. The results for slow ^-particles are 
based on observations made with the cloud method and those for fast ^-particles 
(0*6 < ^ <0*97) are obtained from an analysis of the observations of other 
workers on the energy lost by p-particles in passing through thin foils. In 
both cases the results are practically free from the effects of scattering and 
straggling—effects which considerably reduce the quantitative value of most 
of the experimental work which has been done on ^-particles. 

The relation of the results to the theoretical values required by the formulae 
of Bohr and Gaunt is discussed. It is found that these formulae differ from 
experiment by much more than is generally thought. The observed values of 
the rate of loss of energy for slow fi-particles is about 60 per cent, greater than 
the theoretical values, whilst the loss of energy by fast p-particles, in collisions 
for which the energy lost is less than 1600 volts, is about 80 per cent, greater 
than the theoretical values. The discrepancies arc almost as great if we 
assume values for the dispersion frequency v of the atomic electrons, which 
make the theoretical formulae agree with the observed stopping power of the 
substances concerned for a-particles. In emphasising these discrepancies it is 
not desired to overlook the general agreement which exists—the theoretical 
values being in all cases of the right order of magnitude and varying with 
the velocity in roughly the same way as the observed values. 
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The Loss of Energy by ^-Particles and its Distribution between 
Different Kinds of Collisions. 

By E. J. Williams, D.Sc., Manchester University. 

(Communicated by W. L, Bragg, F.R.S.—Received September 26,1930.) 

To the writer’s knowledge there is at present no appreciable evidence that the 
phenomena connected with the loss of energy by P-particles (and a-particles) 
in traversing matter, receive any better explanation from the quantum theory 
than they do from the classical theory. Indeed since previous discussions of 
the application of the quantum theory in this field are confined to the average 
rate of loss of energy they cannot possibly support or discredit the quantum 
theory any more than they do the classical theory, because as regards this 
effect the two theories have nearly the same requirements. The fundamental 
difference between the two theories is manifested not in the actual energy lost 
in travelling a given distance, but in the distribution of this loss of energy 
between different kinds of collisions. This distribution is intimately con¬ 
nected with such phenomena as primary ionisation, stragglmg and the pro¬ 
duction of “ branches,” and it is by dealing with these phenomena that we can 
test the characteristic features of the quantum theory. Investigations on 
these phenomena were recently made by the writer partly in collaboration with 
F. R. Terroux. In the accounts of their work given by these authors the 
relation of experiment to classical theory only is considered. Large dis¬ 
crepancies are found which are much bigger than the differences found in the 
preceding paper between the experimental values of the rate of loss of energy 
and the common requirements of the classical and quantum theories for this 
effect (represented approximately by Bohr’s formula). In some cases such as 
the primary ionisation, the classical values are almost of a different order of 
magnitude from the experimental values. The question arises—^is the funda¬ 
mental departure which the quantum theory makes from the classical theory as 
regards the distribution of the energy lost, in the right direction to agree with 
experiment ? The main purpose of the present paper is to investigate this 
matter. To do so it is first necessary to consider more closely than has hitherto 
been done the actual requirements of the quantum theory as regards the dis¬ 
tribution of the loss of energy. In the quantum theory calculations made by 
Qaunt, this distribution is not explicitly dealt with, though its general features 
may readily be deduced from his work. Experimental data appropriate for the 
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prasent discussion are provided by the investigations referred to above. The 
comparison of theory and experiment which is made, though not resulting in 
unqualified support of the requirements of the quantum theory, gives striking 
proof that they depart from the classical requirements in the right direction. 
The actual differences between the requirements of the quantum theory, as 
far as they are ascertained, and the experimental results for the primary 
ionisation, straggling, and frequency of branches, are not greater than the 
difference between the observed rate of loss of energy and the common require¬ 
ments of the classical and quantum theories for this phenomenon. This 
means of course that the discrepancies may still be appreciable, and though 
the quantum theory as far as it has been applied gives a general explanation 
of many results which are unintelligible on the classical theory, there are still 
important effects to be accounted for. 

The paper is arranged as follows. The theory of the loss of energy by p* 
particles is discussed in § 2. The classical theory is first briefly described and 
then the calculations made by Gaunt on the quantum theory. The distribu¬ 
tion of the loss of energy required by Gaunt’s calculations is considered, and 
in particular an approximate expression for the primary ionisation is deduced. 
The extension of Gaunt’s results to fast jS-particles is also considered. A 
summary of the previous investigations on the phenomena which bear on the 
distribution of the loss of energy is given at the beginning of § 3. The rest of 
this section is devoted to the comparison of theory and experiment.* 

§ 2. Theory, 

'The classical theory of Bohrt hinges on the concept of time of collision” 
and the relation of this quantity to the natural period of atomic electrons. The 
collision of a ^-particle with an electron theoretically starts when the p-particle 
is at an infinite distance from the electron on one side and lasts until it is at an 
infinite distance on the other side. However, the effect on the electron takes 
place, for all practical purposes, in the time the p-particle takes to travel a 
distance comparable with the distance df the electron away from its path, t.e., a 
time of the order of p jv, where p is the “ impact parameter ” and v is the velocity 
of the p-particle. This is the time of collision in Bohr’s theory. If this is small 
compared with the natural period of the atomic electron the latter behaves 

* The main results arrived at in this paper were first described by the writer in a die- 
sertatlon presented for the degree of Ph.D. of the University of Cambridge (1^9). 

t ‘ Phil Mag.,’ vol. 25, p. 10 (1913); vol, 30, p. 681 (1916). 
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during the collision as if it were free and the energy acquired by it is given by 
the classical formula for free electrons, vir., 

Q = *4“ a% a == (1) 

If the time of collision is appreciably greater than the natural period, t.c., if 
p is appreciably greater than v/v where v is the natural frequency of the atomic 
electron, the conditions are practically adiabatic and there is no transfer of 
energy. The total energy lost by a (3-particle in traversing matter is therefore 
on the classical theory given by taking Q equal to 0 for values of p greater than 
a certain quantity p,,, which is of the order of ij/v ; and equal to the value 
given by (1) for smaller values of p. Thus 

^ ^ 2^ 2Kpdpn _ j / p„ ::r: t>/v \ .gv 

dx J p ^ 0 p^ + mv^ ^ \ a / 

where n is the number of electrons per unit volume. Bohr calculated the exact 
value of the effective upper limit p„ and found 

p, «= (M23/27rWv. (3)^ 

Substituting this value in (2) and also substituting for a its value given by (1) 
we find 

(dT/(ia})Bohr == {ircne^/mv^) log (1 • 123 wv*/47tve®). (4) 


Before proceeding further it is desirable to express the above results in terms 
of Q instead of the impact parameter p. The connection between the two is 
given by (1). It follows from this equation that the average number of 
collisions per centimetre of its path in which the ^-particle loses energy between 
Q and Q 4* dQ in traversing free electrons is given by 

<f>o (Q) dQ = (2TO^/mu®) dQ/Q*® === (it/P*)dQ/Q* (6) 


(P representing vjc). The rate of loss of energy given by (4) is then in terms 
of Q as variable expressed by 





( 6 ) 


Q. is the effective lower limit to the values of Q for which (5) is applicable. 
It corresponds to the limit p. of p and is given by (1) provided we substitute 
Py for p. Thus 


Q. 


2e*/ 

2it 


1-123 


(7) 


* If the frequency of the atomic electron is so high and the siae of its orbit so large, 
that v/v is less than the latter then py loses the signlficanoe it has in Bohr’s theory. TUs 
is why Bohr’s formula is not applicable to slow partiolee and heavy atoms. 
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We shall take v in this formula equal to the ionisation potential, J, of the 
electrons, divided by h ; and also substitute ^ for v. (7) then becomes 

Q, = (87cV/1 • 123^ =- (7a) 

The above formuloj apply only to velocities small compared with that of light. 
The influence of relativity effects ’’ on the collisions between p-particles and 
electrons was considered by Bohr in his second paper on the subject (1915). 
He showed that for free eJecitrons, provided the velocity acquired is small 
compared with that of the p-particle, these effects leave the formula (1) for 
Q unaltered. It is worth while considering the general reason for this result. 
The field of the p-particle suffers a Fitzgerald contraction, which may be 
regarded as a concentration of the lines of force near the plane through the 
particle and perpendicular to its direction of motion. The time of collision 
of a fast p-particle with an electron at a given distance away is thus much less 
than it would be if the lines of force spread out uniformly in all directions, 
being reduced by the factor (1 — p*)“*. The concentration of the lines of 
force, however, produces a corresponding increase in the electric intensity, 
the force acting on the electron during the collision, in a direction normal to 
the path of the p*particle, being increased by (1 —■ P^)“*. As a result the 
iime-irdegral of the force on the electron is unaltered.’^' The velocity acquired 
by an electron (if small compared with c) depends only on the time integral of 
the force acting on it, so that for free electrons, which are acted upon only by 
the moving particle the value of Q is unaltered by relativity effects and is 
therefore given by (1). 

It is a very different matter when the atomic binding forces play a part 
during the collision. We have seen that in that case the time of collision 
becomes an important factor and however big the time integral of the force 
due to the moving particle may be, there is little transfer of energy if the time 
of collision is much larger than the natural period of the electron. By reducing 
the time of collision the relativity effect increases the range of action of the 
3-particle and the value of p for which the time of collision is comparable with 
the natural period is increased by (1 — p*)*"*; the new value of being 
(1*123 v/27tv) X (1 — 3*)“*. This does not represent the full relativity 
correction to the effect of the binding forces since a small part of the loss of 

* It is assumed that the displacement of the electron during the collision is small com¬ 
pared with the impact parameter and that the mass of the electron is constant. These 
conditions ate satisfied provided the velocity acquired by the electron is small compared 
with that of the ^-particle. 



332 


R J. Williams. 


energy represented by Bohr’s formulae is due to the component of the force of 
the p-particle parallel to its motion,* The value of fully corrected is 
given by 

log P.K - log (1 • 123 v/2n^) + J log (1 - ^ (8) 

The corresponding value of is obtained hj substituting in (1), and is 
given by 

log Q,r = log (h'JW) + log (1 ^ (9) 

In the case of fast p-particles we shall only require the rate of loss of energy 
dnffUjdx in collisions for which Q is less than a certain quantity W which 
is much less than T and much greater than Q^. W therefore occurs in a region 
of values of Q for which the electrons behave as if they were free and for which 
the velocity acquired by them is small compared with that of the p^particle. 
Under such conditions the expression (5) for ^ (Q) holds and the value of d^T/dx 
is given by substituting W for the upper limit of Q in (6) and substituting Q^r 
for We then have 

= (^/p*) log {W/Q,b) = (*/p») {log (W/fc'J») + log (PVi^) - P*}- 

( 10 ) 

Qtiontum Theory .—The value of ^ (Q) for free electrons is the same on the 
quantum theory as on the classical theory except for values of Q comparable 
with the energy of the p-particle—a region which does not concern us much 
here. This region was investigated by N. F. Mottf and his results were con¬ 
sidered in a recent paper by the writer| in relation to the number of branches 
produced by slow p-particles, and found to be in satisfactory agreement 
with the observations. 

The inelastic collisions of p-particles with, atomic electrons, involving the 
effect of atomic forces, was considered by Bom§ in 1926 and later by Gaunt.|| 
Born only considered one or two cases of excitation and the calculations which 
are most useful for oiu: present purpose are those of Gaunt. 

Gaunt applied the quantum theory to distant collisions, i.c., collisions for 
which the impact parameter p is greater than atomic dimensions, and in which 

* For this component, though the time of oollieion is deoreased by (1 — p*)~^ the intensity 
of it is not oorteRpfmdingly inoreaeed. 

t ‘ Proo, Roy. Soo.’ A, vol. 126, p. 269 (1930). 

$ ‘ Proc. Roy. Soc.,’ A, vol. 128, p. 469 (1930). 

f * Z. Phyeik,’ vol, 38, p. 803 (1926). 

II • Camb, Phil. Soc. Proc.,’ vol, 28, p. 732 (1927). 
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the p-particle may be assumed to move undisturbed in a straight line,* The 
important result which Gaunt’s calculations lead to is that when the time of 
collision is small compared with the natural period of the atomic electron the 
aimage energy transfer, Q, according to the new quantum theory, is the same 
as the classical value of Q given by (l).t When the time of collision is much 
greater than the natural period (t.e., p >> p^) the conditions are adiabatic 
and there is of necessity no loss of energy. It follows that in the distant 
collisions considered by Gaunt the average loss of energy and the restriction 
to it imposed by atomic forces, is practically the same as on the classical theory 
of Bohr, In order to obtain a formula for the loss of energy due to all collisions 
Gaunt made the assumption that the classical formula also applies to the close 
collisions, for which the impact parameter is of the order of or less than atomic 
dimensions.:]: His final formula is in consequence for all practical purposes 
the same as Bohr’s classical formula. 

Gaunt’s calculations were made for particles with velocities small compared 
with that of light. In his calculations the reaction of the atomic electron on 
the moving particle is neglected and the latter is assumed to move tmdisturbed 
in a straight line during the collision. Therefore in order to extend his calcula¬ 
tions to ^-particles with velocities comparable with that of light it is not 

* Gaunt*s oalculationa are based on the treatment of dispersion and absorption by Dirac. 
They bear a relation to the quantum theory of dispersion similar to the relation of Bohr^s 
calculations to the classical theory of dispersion. 

t Gaunt himself does not use the conception of time of collision but the quantity u 
which occurs in his calculations is of the order of Jp/hv vp/v, and therefore represents 
the ratio of the time of collision to the natural period of the atomic electron. This inter¬ 
pretation of u immediately leads to the interpretation of Gaunt’s results given above. 

} The argument in favour of this assumption regarding close collisions may bo based on 
the following points :—(1) Gaunt’s calculations extend to values of p for which the average 
energy lost per collision is not affected by binding forces, so that for closer collisions we 
would expect these forces a fortiori not to affect the energy loss ; (2) except for large values 
of Q (comparable with T) the classical and quantum formula for free electrons are the 
same. In view of the fact that Bohr’s formula differs appreciably from experiment it is 
worth while to point out two criticisms of this argument. In the hrst place, for the smallest 
values of p dealt with by Gaunt the binding forces, though they may not affect the average 
energy lost per collision, still have a large effect on the energy losses in individual ooUisions ; 
these losses being either zero or large enough to excite or ionise the atom. It is therefore 
misleading to tMnk that Gaunt’s calculations take us to a region of values of p for which 
the binding forces cease to have an effect, and to which formula for free electrons necessarily 
apply. Secondly, the results of the new quantum theory of collisions with free electrons 
cannot be expressed in terms of impact parameter, whilst in order to include the close 
ooDkions to which the above assumption applies we have to integrate with respect to the 
impact parameter down to p «= 0. 
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necessary to use relativistic quantum mechanics. All we have to do is to allow 
for tile different variation of the perturbing potential with time, ».e., for the 
decrease in tlie time of collision which results from the Fitzgerald contraction 
of the field of the moving particle. Now the calculations of Gaunt for slow 
particles show that as far as the time of collision is concerned it affects the 
energy lost in distant collisions in practically the same way on the quantum 
theory, as on the classical theory. It is therefore very likely that a calculation 
of the loss of energy by fast fi-particles, parallel to that made by Gaunt for slow 
particles would lead to the same relativity correction to the energy lost in 
distant collisions as that required by classical theory. This certainly applies 
to the term (1 — which is the more important and interesting part of the 
correction. If we therefore assume, as Gatmt did for slow particles, that the 
energy lost in close collisions is also given by the classical formulae then the 
entire formula for the loss of energy by fast ^-particles is the same as the 
classical formula (10). 

We shall now consider the distribution of the loss of energy between different 
kinds of collisions. As mentioned in the introduction this distribution brings 
out the fundamental difference between the classical and quantum theories. 
On the quantum theory all the energy is lost in quantities which are at least 
sufficient to ionise or excite the atoms traversed. On the classical theory on 
the other hand there is no lower limit to the energy which may be lost in a 
collision and the greater part of the energy is in fact lost in quantities which 
are much less than the ionisation and excitation potentials of the atoms 
traversed. Since the total energy lost in all collisions is nearly the same on 
the two theories it follows that the energy lost in ionisation and excitation is 
much greater on the quantum theory than on the classical theory. This 
important result may conveniently be represented graphically as in %. (1). 
The absoissflB represent log Q and the ordinates the values of ^ (Q) in terms of 
the classical value, (Q)> (Q) electrons (initially at rest), which 

is given by (1). This, as we have already pointed out, is also the value of 
^ (Q) for free electrons given by the quantum theory (except for Q close to T), 
so that the departures from (f>Q (Q), i.e., from unit ordinate, show the effect of 
atomic forces, whether we are thinking of the classical or quantum theory. 
Since <f> (Q) according to (1) is proportional to 1/Q*, the loss of energy between 
any two values of Q is proportional to the area under the curves. The curve 
d represents the classical theory and the curve qu the quantum theory. The 
energy lost on the classical theory in quantities less than the first resonance 
potential. R, is represented by the area ohnfa, the limit o6 which represents the 
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area. In virtue of this it is possible to obtain an approximate formula for 
provided we use the result that the energy represented by pmof is approxi¬ 
mately four-ninths that reprf^aente^i by vibnja. It is found in this way that 

r, :^UxO-41og(J/Q,), - 

where Id. is the total number of ionising collisions (or primary ionisation), 
according to the classical theory. I'^ is the excess of the number of ionising 
collisions over the classical number. The total primary ionisation corre¬ 
sponding to the quantum theory calculations of Gaunt is therefore given by 

I, - Id. {1 + 0-4 log (J/Q,)} :r.: I,, X 0*4 log (12J/Q,). (11) 

Substituting for Id, its value, viz.. 

Id. -- (27re^/mc2)/Jfi2 ..:r: i/Jpa (12) 


and for Q*. its value given by (9), (11) becomes 

Wo see that Id. varies as P"** but owing to tlje term within brackets in (11a), 
which increases with the velocity, varies as an inverse power of the velotuty 
less than 2. 

The primary ionisation by p-particles with very great (mergy is especially 
interesting. The tenn log(l — inside the bracketvs in (Ha) has a pre- 
•dominant effect when p is close to unity, and for such velocities the primary 
ionisation increases with increasing velocity, in contrast with the normal 
variation. If we substituk* for h* in (11a) its numerical value given by (7a) 
we find that I, in fact passes through a minimum at a velocity of about 
0-97 c., and then skirts to increase reaching a* value for P-particles with energy 
of about 10® volts roughly 50 per cent, greater than the minimum value at 
0*97 c.* We cannot easily deny this result on theoretical grounds, for it 

According to this result the cloud tracks of the p-particles associated with penetrating 
radiation should Ixi denstu- than those of the fast p-particles from known radioactive 
substances. 

10* volte corresponds to a velocity of 0 • 999999U0 c* and for the same impact parameter the 
time of coUision for such a particle is about 60 times loss than the time of collision for a 
p-parUolo with a velocity of 0-97 c., owing to the greater Fitzgerald oontraotion of the first 
particle. Hydrogen atoms at a distance of 3 X 10 “^ cm. from the path of the first particle 
receive energy freely, the time of collision being about seven times less than the natural 
period of the hydrogen electron. For the same distance away from the second particle 
the conditions arc however practically adiabatic the time of collision being about seven 
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follows directly from the Fitzgerald contraction and the fact that for bound 
electrons a large force for a short time is more efiective than a small force 
for a long time—efiectiveness od , the quantum theory necessarily meaning 
excitation and ionisation. 

The distribution curves in fig, 1 refer to an atom with only one energy level. 
For an atom with several energy levels the quantum theory curve has several 
humps or peaks ” similar to nemc in fig. 1, and the general shape of the 
resultant curve for an atom with 3 energy levels, say (such as oxygen) is shown 
by the ftill curve in fig. 2. The corresponding value of (f> (Q) on the classical 



Kni. 2 .—<j>(Q) for Atoms with 3 K/iorgy IjovoIs (oocupiod). Twiw? as many electrons in 
out(^r level (Jg) as in inner levok. 

. . . ((UHntmn theory. ., elassieal theory.. ^o(Q) ' (27tZft*/wv*)/Q\ 

tlieory is represented by the broken ’’ curve in the same figure. Owing to 
the small interval between the resonance potential and the ionisation potentials 
for the inner atomic electrons, it is unlikely^ that much eruirgy is spent in the 
excitation of these electrons. The part nemp of the curve qu in fig. 1 may, 
therefore, not be represented in the case of many-electron atoms, except for 
the outer electrons. Gaunt’s calculations wore, of course, made for atomic 
electrons which can make transitions freely to any higher level, and what 

greater than tho natural period. It is interesting that tho extra numl>er of ion» 
produced by the first particle are produced at distances from its path between about 
10“*^ cm. and 5 X 10cm. The theoretical thickness of the Wilson track of the first is 
therefore greater than that of the second. This thickness is independent of any 
scattering and diffraction effects, which decrease with increasing velocity. A p*partiole 
with energy as large as 10^® volts would produce an apprecinble number of ions at 
distances away from its main path up to about 1 cm, (in oxygen about three primary ions 
would be produced per cm. of path at distances from the path between 0*6 cm. and 
1 cm.—with equal numbers between 0*25 and 0*5 cm., and between 0*126 and 0*26 
cm., etc.). 
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happens when these levels are occupied k therefore at present a matter of 
conjecture. Apart from this uncertainty the curve qu in fig. 2 probably 
represents correctly the general form of the function <l> (Q) for many^electron 
atoms re(]uired by tlie quantum theory. The important results which it 
represents is that tlu? frequency (f>^ (Q) of collisions in which the loss of energy, 
Q, is close to but greater than an ionisation potential of the atom, k much 
greater than the classical value of <f> (Q); and that the electrons in any given 
level experience no inelastic collisions in which the energy lost is less than the 
resonance potential for that level. 

§ 3. Experimevtal RtmiiU and Comparison mth Tlmory. 

As mentioned in th(^ introduction information about the distribution of the 
loss of energy by p-particles between different kinds of collisions may be obtained 
from observations on the ionisation, straggling, and frequency of ‘‘ branches,"’ 
since these phenomena depend on (collisions for which Q is confined to a small 
range of values. 

The magnitude of the primary ionisation is the numbcjr of ions produced by 
the direct action of the {3-particlc per centimetre of its path. It depends mainly 
on collisions for which Q is greater than but close to the ionisation potential 
of the outer electrons in the atoms traversed. Observations on the primary 
ionisation produced by slow ^-particles traversing air were made by C. T. R. 
Wilson* and on fast ^-particles with velocities between about 0*6 c. and 0*96 c., 
traversing hydrogen and oxygen, by F. R. Terroux and the writer.f 

By straggling is m(jant the different amounts of energy lost by p-particles 
in travelling the same distance, or alternatively the different distances travelled 
in losing the same amount of energy. Observations on the straggling of the 
ranges of slow p-particles, f.c., on the distribution of ranges of ^-particles 
with the same initial energy, were recently made by the writer^ ; and on the 
straggling of fast p^particles by thin foils by White and Millmgton.§ The 
results of the^ie observations have been interpreted in terms of <f> (Q) by means 
of a theory of straggling recently given by the writer. 1| The results obtained 
for slow ^-particles give information about the frequency of the collkions for 
which Q is of the order of 500 volts. The results for fast ^-particles give the 

* * Proc, Hoy. Soo.,’ A, vol, lOi, p. 1, 192 (1923). 
t ‘ Proc. Hoy. Soo.,* A, vol. 126, p. 289 (1930). 
t ^ Camb. PIlD. Tbesis ’ (1929). 

$ ‘ Proo. Roy. Soc.,’ A, vol. 120, p. 701 (1028), 

II ‘ Proc. Roy. 8oc.,’ A, vol 125, p. 420 (1929), 
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f ffective value of <f> (Q) for a range of values of Q from about 500 to 2000 
volts. 

The number of “ branch tracks in a cloud photograph gives directly the 
O equency of collision <f> (Q) for values of Q from about 30(X) volts upwards. 
The lower li mi t is set by the size of the smallest branch which can be detected 
and measured. Observations on the number of branches produced by alow 
particles in oxygen were recently made by the writer,* and by fast 
Ji-particles in oxygen b}^ the writer in collaboration with F. R. Terroux.* 

The results of the above investigations are summarised in the following 
tuble. They are given in terms of the ratio of the experimental values of 
<l> (Q) to the classical values, (Q), given by (5). This equation refers to free 
electrons. The values of Q dealt with here are, however, such that on the 
classical theory the binding forces play no part in the ( orresponding collisions 
and (5) is therefore applicable.f 


Table L—Ratio of Observed Values of <f> (Q) for Light Elements to ^o(Q)‘ 


[(^o(Q)-(27rNZ6Vmi;2)/Q«] 


Velocity of ; 

1 

Q 1 


Phenomenon 

j8-p»rticlew. | 

1 

(volts). 1 

! 1 

, <P{Q)oUh, : 

investigated. 

Mow ^^patticles 

20 

2-5 

‘ Primary ionisation 

i> zz: 0'25 c. 

500 

1-7 

StraKfidmK of raniKOs 


4000 

1 0-9 

1 Frequency of branohee 






J Q^(Q)rfQ'- - 

r()-65J 

* Stopping power 


(Jo John. 

[Jo J Oohi 


Kiist particles 

20 

! 5-0 ’ 

Primary ionisation 

0 • 75 c. 

600 

' 2-3 

Straggling in foils 


2000 

2-3 1 

Straggling in foils 


7500 

21 1 

Frequency of branches 


2500 

1-9 

Frequency of branches 


f plO.OOO 1 

r /-lo.uoo 1 



Q*^(Q)dQ - :: 

= 0-7J Q^(Q)rfQ| ' 

St(tpping jKiwcr 


[Jo J «lw. 

[Jo J Boiir 1 



* Loc, cit, 

t (5) negleote the motion of the atomic electrons. Though taking this motion into 
account reduces somewhat the difference between classical theory and experiment, it 
does not remove the more serious discrepancies. We are, however, not specially oonoemed 
with the exact requirements of classical theory in this paper and the olassioal formolse 
wldoh are adopted are those which serve as the most convenient and definite parameters 
for diaottseing the results. 
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The first thing we notice about the results given in the above table is that 
whilst the observed values of the rate of loss of energy, represented by 

(Q) actually somewhat less than the classical values, the observed 

values of <f> (Q) for the values of Q dealt with, are much greater than the classical 
values. The excess of (Q) over the classical values is moreover much more 
pronounced for fast ^-particles than for slow ^-particles. The results for the 
primary ionisation and frequency of branches essentially refer to ionising 
collisions. The values of Q in the cases of straggling are also greater than the 
majority of the ionisation potentials of the matter traversed, and are not much 
leas than the largest. The results therefore mean that the number of collisions 
in which the energy lost is of tlie order of or greater than the ionisation potentials 
of the atoms traversed, is much greater than the number required by classu al 
theory, the excess increasing with increasing velocity. This excej^s and the 
fact that the total loss of energy is somewhat less than the classical value imply 
a third result, viz., that the loss of energy ixi collisions for which Q is appreciably 
less than the ionisation potential, is only a small fraction of that required by 
Bohr’s classical theory. In the case of fast p-particles, for instance, we can 
set an upper limit to this fraction of about one^fiftli. These results show that 
the failure of the classical theory is far more pronounced when we consider the- 
distribution of the loss of energy between different kinds of collisions, than 
when we consider its average value for all collisions. This state of affairs 
is just what is required by the quantum theoiy. We saw in § 2 that whilst 
this theory requires approximately the same total loss of energy as the classic-al 
theor/, it requires it to be all spent in excitation and ionising collisions. As a 
result it gives at least a qualitative explanation of why the energy lost in 
collisions for which Q is of the order of or greater than the ionisation potential 
is considerably in excess of the classical requirements. Moreover, as explained 
in § 2, the excess of the number of ionising collisions over the classical values 
demanded by the quantum theory is greater the greater the velocity of the 
fi-paxticles, and this is also in agreement with the experimental results. We 
shall now proceed to consider more closely the relation between the experi¬ 
mental results and the requirements of the quantum theory, to see to what 
extent the agreement between them is quantitative. 

The phenomenon of primary ionisations is the one which gives the most 
crucial results. We shall first consider the relation between the variation of 
the primary ionisation with velocity and that of the observed rate of loss of 
energy with velocity. In requiring all the energy to be lost in ionisation and 
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excitation collisions the quantum theory requires this relation to be much more 
intimate tlian it is on the classical theory. 

In the prexjediug paper the rate of loss of energy djf/Yjdx by fast p-particles 
due to collisions for which Q <] W = 1500 volts is considered. The theoretical 
formula for this quantity on the classical and quantum tlieorics is given by 
(10), viz., 

<7wT/(te - (A/P^) log (W/Qui) - [km {log (W//r + )o. ^ 

(10a) 

The classical formula for the primary ionisation is 

I'cL-W. (12) 

The formula derived in § 2 for I, according to the quantum theory, is 
I, - 0*4 (X^/Jp 2 ) {log (12///J) -b log 

The similarity betw(ien (IOa) and (11a) is due to the circumstance already 
mentioned, viz., that all the energy is, on the quantum tb<M)ry, spent in ionisa¬ 
tion and excitation, an approximately constant fraction being spent in ionisa¬ 
tion.* The values of J, J and W in the cases comu^riKal here, an*, such that the 
two log terms (in (10a) and (11a) r(‘spectively) an* jjractically of the same 
niagnit.udt* and therefore vary with the velocity in the same way. The 
theory therefore requires tlu* primary ionisation and dx^Tjdx to obey prac¬ 
tically the same velocity law. The observed variation of rf^yT/d;/' with velo(*jty 
is given by equation (18) in tljc preci'ding paper, viz., 

dyrT/d^ 1 *06 P“' ^ (13) 

This applies to a range of velocities from about 0*5 e. to 0*% c. The observa¬ 
tions of Williams and Terroux on primary ionisation were made for the same 
r<‘gion of velocities. Ac(;ording to their results :— 

lob., =5-2 for hydrogeni 

== 22 P“'"* * for oxygen J 

The moan power of (3 is — 1’3 and agrees satisfactorily with the velocity law 
for d^l/da;. As far as they go the experimental results, therefore, bear out 
satisfactorily this crucial requirement of the quantum theory. 

* On the olaasioal theory the variation with velocity of the log term in ( 10 a) is con¬ 
nected with the effect of binding forooH on the number of colii«iouB in which the energy 
lost ia of the order of . Qr is negligible compared with the ionisation potentials and 
the variation of the log term, therefore, does not concern the number of ionising collisions 
on the classical theory. 
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The absolute theoretical values of the primary ionisation according to (11a) 
may be evaluated since all the terms are known. It is found that for a velocity 
of 0*75 c. the primary ionisation according to the quantum theory is about 
nine times the classical value, whilst it varies approximately as The 

observed values for p ^ 0*75 are about five times the classical values and var>’ 
as p*^*®. Thus, though the quantum theory formula derived from Gaunt’s 
calculations explains the general nature of the difference between the observed 
values and the claasical values it does not give correctly the actual magnitude 
of this difference. This is of course not surprising, since we found in the 
preceding paper that the quantum theory formula (10a) for fails in a 

similar manner. In this connection it is very significant and satisfactory 
that if the value of the constant kf which occurs inside the '' log ’’ terms iu 
the above formula? be properly adjusted, these formute fit with the experimentiii 
results for primary ionisation and rate of loss of energy both as regards absolut e 
magnitude and variation with velocity. 

We shall now consider the results for the other phenomena represented in 
Table I. With one exception the values of ^ (Q) deduced from observations 
on these phenomena are greater than the classical values. Now as far as 
calculations have been made, the values of ^ (Q) on the quantum theory exceed 
the classical values only for values of Q in the neighbourhood of ionisation 
potentials, as is shown in fig. 2. Therefore it is only by associating the values 
of Q, upon which these phenomena depend, with values of J for the atoms 
traversed that wo can hope to explain the excess of ^ (Q) over the classical 
value. In the case of primary ionisation the values of Q concerned are 
essentially close to an ionisation potential and in virtue of this the quantum 
theory gives, as we have just seen, a general explanation of the large excess of 
the primary ionisation over the classical value. There is, howefer, no essential 
connection between the values of Q, upon which the i^her phenomena dealt 
with depend, and the ionisation potentials of the atoms traversed, and in one 
case at least the results must be left unexplained. 

In the case of the straggling of slow fJ-particles the values of Q upon which 
the phenomenon depends are of the order of 500 volts. The experiments were 
made on ji-parti(;les traversing oxygen and the k electrons of this element have 
an ionisation potential of about 500 volts. The value of (Q) for these electrons 
is therefore much greater than tJie classical value for Q close to but greater 
than 500 ; whilst for smaller Q the value of (Q) for the h electrons is of course 
zero. If we assume that (Q) for Q> 500 exceeds the classical value by a 
constant factor between Q ^ 5(X1 and Q 1000 then this factor is about 7. 




34» 


Loss of Energy by ^-Particles. 

Only 26 per cent, of the electrons in oxygen are in the k level so that the average 
value of (l>^ (Q) in tliis region for the whole atom is about 2 | times the classical 
value. For smaller vaiuCvS of Q it is three-quarters the classical value. The 
straggling corresponding to this distribution of <f> (Q) is appreciably greater 
than the classical straggling. The actual straggling corresponding to it has 
not been calculated in detail, but it is roughly of the same order of magnitude 
as the obsf^rved straggling, which corresponds to a value of <f> (Q) about 
I * 7 times the classical valium for Q between about 250 and iOOO volts.* 

Tlie observations on the I'reqinmcy of branches by slow (^-particles were also 
niad<* on fi-particles traversing oxygen. The values of Q cioncerned in this 
case are, however, much greater than the ionisation potential of the k electrons 
of this element and the quantum theory therefore requires no excess over the 
classical value of <f> (Q). In fact the values of Q for branches are comparable 
with the energy of the j^-partich*, and according to the calculations made by 
Mott for free ele<‘trons the values of (Q) for such values of Q are less than the 
i^lasftical values, W(* see from the table that the observed v^ilue of ^ (Q) is also 
hm than the (ilassical value. The experimental results for branches are more 
detailed than is represented in the tabh' and a more complete comparison with 
theory which was recently made by the writi:?r,f shows that the requirements 
of the quantum theory agree with the observations within the experimental 
error of about 10 per cent. 

We shall now consider the results for straggling ami branches in the case of 
Jast particles. The n^sults for straggling refer to ^-particles traversing mica 
the composition of which is approximately represented by the chemical formula 
KjjO, 3 AI 2 O 3 , GSiOg, 2 H 2 (). According to this formula about 20 per cent, of 
the electrons m mica have ionisation potentials, J, of about 500 volts and 
greater, and for 8 per cent, of the electrons J is greater than about 2000 volts. 
The highest value of J is that of the k electrons of potassium which is about 4400 
volts. Thus, tliough the majority of the electrons in mica have ionisation 
potimtials much less than the values of Q to which the results for straggling 
refer, there are a few with ionisation potentials in this region. As a result the 
straggling according to the quantum theory is greater than the classical 
straggling, and this may account for the excisss of the observed straggling over 
the classical value for the smaller values of Q concerned. However, as Q 
increases the value of tf> (Q) quantum theory approaches the classical 

* Tlie value of <(>(Q) deduced from observations on the straggling of ranges are, of course, 
only eifective values for a fairly big region of values of Q. 

t Loc. cit. 
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value because there are fewer electrons in mica with large values of J (of the 
order of 2000 volts) than there are with smaller values of J. Tlie observed 
values of <f> (Q) on the other hand arc as much greater than the cJasaical values 
for large values of Q as they are for small values of Q. Indeed, we see from the 
table that this excess is maintain<5d in the region of much larger values of Q 
which are concerned in the results for “■ branches.'’ In the latter case the 
largest ionisation potential of the clement traversed (oxygen) is negligible 
compared with the values of Q. Atomic forces therefore play no part and we are 
led to the conclusion that the excess of (Q) over the classical value, <f>Q (Q), 
in the case of the production of branches by fast fi-particles, and to some extent 
in the case of the straggling of fast fi-particlos, must be attributed to an effect 
which concerns tlie collisions of fast [i-particles with free electrons. The only 
possible effect is a relativity effect (with its attendant ‘ spin ’ effect), since 
apart from that the value of <f> (Q) required by the new quantum theory for 
{i-particles traversing free electrons, is definitely kiuiwn, and is equal to the 
classical value of ^ (Q) for free electrons, i,e, <f>o{Q)* It the observed 
excess of ^(Q) over ^o(Q) in the case of the production of branches by fast 
P-particles is a relativity (effect, it should be tnore pronounced the greater 
the velocity. Actually the observed value of <f> (Q) in the case of branchoH 
is about 2j^ tinuis ^o(Q) ^ — 0*9, and about times ^o(Q) 

P 0-7; whilst for slow {i-particles with p = there is no excess, 
the observed and theoretical values of (f>{Q) agreeing within experimental 
error. As far as theses results go they bear out the supposition that the 
effect under consideration is a relativity effect. Whether the new quantum 
mechanics will lead to the right relativity correction or whether, for 
instance, it will leave <f (Q) unaltered at high velocities as does the classical 
theory, is of course another question. 

In admitting a relativity correction to <f> (Q) for the large values of Q such as 
those concerned in the production of branches we ore confronted with another 
question, viz., does this relativity effect exist to the same extent for smaU 
values of Q such as those concerned in primary ionisation ? If it does, then 
the excess of the observed primary ionisation over the classical value which we 
have attributed to the effect of atomic forces, is partly due to relativity effect. 
In that case the excess which results from atomic forces becomes less significant. 
It will therefore be more satisfactory if the relativity correction to the quantum 
theory formula for free electrons turns out to be appreciable only for large 

* Except for Q comparable wit h the energy of the §*particle, which does not oonoem 
uft here. 
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valuer of Q. In connection with the significance of the effect of atomic forces 
on the primary ionisation it is, however, worth while to point out that the 
important departure from the classical velocity-law (I x p~2) is maintained 
in the region of small velocities, where there can be no relativity effect. 

§ 4. Sunmuiry, 

The theory of the loss of energy by ^-particles is discussed. The classical 
and quantum theories require approximately the same average rate of loss of 
energy but they differ radically as regards the distribution of the loss of energy 
between different kinds of collisions. The experimental results arrived at in 
previous investigations and which arc summarised in this paper afford a fairly 
comprehensive test of the theoretical requirements. It is found that the 
quantum theory is in general agreement with experiment, and that it gives an 
explanation of several effects whi(^h were previously obscure, particularly in 
connection with the phenomenon of primary ionisation. The experimental 
results and their depart-ure from (dassical requirements, in receiving a general 
explanation on tlie quantum theory support to that extent the assumption 
which underlies Gaunt's calculations, viz., tliat the laws which govern the 
perturbation of an atom by the electric force in a radiation field may be applied 
to the perturbation of an atom by tin? electric force of a moving charged particle, 
provided the reaction on the parti(d<‘ is small. 

Quantitatively the requirements of the quantum iheoi’y are not on the whole 
in good agreement with experiment. The thooretical rate of loss of energy and 
primary ionisation are greater than the observed values of these quantities. 
On the other hand, the observed number of collisions in which the energy 
lost is so large that all the atomic electrons may be assumed to behave as if 
they were free, agrees in the case of slow p-particles with the requirements of 
the quantum theory within experimental error. For fast p-particlos the 
frequency of such collisions is appreciably greater than that required by the 
non-relativity quantum theory formula and this excess indicates the nature 
of the relativity correction required of the quantum theory. 

[Note added in Proof.—In a recent theoretical paper (‘ Annalen der Physik,’ 
vol. 6, p. 326 (1930)) H. Bethe considers the loss of energy by electric 
particles in passing through matter, using the quantum-mechanical theory 
of collisions developed by Born in 1926. Born's own calculations for 
inelastic collisions were not carried far. Bethe’s treatment is more complete 
and he obtains expressions for the rate of loss of energy, &c. Though the 



846 


G* K. Gedye and T. E. Allibone, 

approach to the problem of collisions in Born's theory is radically different 
from the method used by Gaunt, the general nature of the theoretical results 
obtained by Bethe and of their departure from classical requirements are the 
same as those which follow from Gaunt's calculations, and are equally well 
represented by the distribution curves in figs. 1 and 2. The exact values 
of the stoppingqK)W(M’. &c.. according to Bethe's calculations are however 
not the same as tliosi* required by Gaunt’s work. It is satisfactory that 
their divergence from the latter imfwoves the quantitative relation with 
experiment. It is hoped to publish in due course a brief note to show this 
better agreement. ! 

In conclusion 1 wish to thank Prof. W. L. Bragg for much helpful discussion 
and for his continued interest in this work. 


Tht Chemical Effects of Cathode Rays. Part I .—The 
Decomposition of Ammonia, 

By G. R. Gedye and T. K. Allibonr. The Laboratory of Physical 
Chemistry, Cambridge. 

{Communicated by E. K. RidoaK PMl.S.™Recpivod October 17, 1930.) 

Introdw^tion, 

Investigations of the chemical effects of a-particles,*^ and of low velocity 
electronsf of known voltages have given valuable quantitative results. 

Those investigations using a-particles possess the disadvantage that the 
power normally available is very small, whilst those using low velocity electrons, 
though possessing the advantage that the critical potentials for chemical 
reaction and hence the active species can be determined, are practically limited 
to low pressures, and to reactions which are not seriously affected by heated 
filaments. The development of the Lenard tube makes it possible to obtain 
a very intense source of ionisation, and to invostigat^i^ reactions over a great 

* Lind, “ The Chemuml KflectB of Particles and Electrons.’’ 

f Storoh and Olson, ‘ J. Amer. Chem. Soc.,’ vol. 45, p. 1005 (1923); Caress andEideal, 
‘Proc. Hoy. 8oo.,’ A, vol. 115, p, 684 (1927); Wansbrough Jones, * Proo, Roy, Soo,,* 
A, vol. 127, p. 511 (1930). 
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range of pressures under conditions in which thomuil effects are eliminated. 
It is therefore important to detoinine liow far this method may be rendered 
quantitative. 

McLennan and (Tre©nwood*and Marshallusing sucli Lenard tubes operating 
at about 200 KV., made no moasureinents ou the number or energy of the 
electrons entering the gas reaction chamber, but by the comparatively large 
chemical yhdds obtained by Marshall, together with the accurate analysis of 
the products, the advantage of this new source of ionisation is readily demon¬ 
strated, Attempts to measure the total ionisation were made by Kruger and 
UteschJ and by Marshall; Marshall found it impossible to reach saturation 
current, and the value for the ionisation arrived at by Kriiger and Utesch is 
almost certainly much too low, Basse and Daniells,§ wlio investigated the 
effects of cathode rays on air, oxygen, carbon dioxide and nitric oxide, measured 
the energy of the electron beam by a calorimetric metluxl, but their result^s 
were liable to a large arbitrary correction for radiation from the heated window. 
The only data available for ionisation by cathode rays are thost* for air, for 
which the most reliable value is probably 32*2 ± 0*5 electron-volts per ion 
pair, independent of the velocity over a large range.ll We are probably 
justified, however, in assuming that the total ionisatioii in oxygen relative to 
air is approximately the same for a-particles and cathode rays. Taking 1 *00^ 
as the relative total ionisation, we oV>tain a value of 29*5 electron-volts per 
ion pair in oxygen. Thus we can calculate from their results the M/N ratios for 
three reactions, and compare them with the data obtained for a-particles. 


Table 1. 


1 

Reaction. 

Calorieii 
per 1 

molecule. | 

Volts 

pr 

mofecnk». i 

j M/N 

j (cathode 

1 rays). 

M/N 

(o-purUoles).** 

0, -*0, . 

34xl0* 

18 ! 

1(1 

l'5-2 0 

Afr 0, . 

7'8xlO* 

1 35 ! 

1 0-9 

2-4 

Air Oxulee of nitrogen. 

22 X10» 

1 

98 

0-33 

0-77 


** Lind and Bardwell, * d. Amor. Chom. 8oc.,’ vol. 51, p. 2751 (1929). 


♦ * Proo. Roy. Hoc.: A, vol. 120, p. 283 (1928). 
t * J. Amer. Chom. Soc.,’ vol. 50, p. 3178 (1928). 
t ‘ Ann. Fhysik,’ vol. 78, p. 113 (1925). 

$ * J. Amer. Ohera. Sois.,’ vol. 50, p. 3271 (1928). 
II Kiel, * Aim. Phyeik/ vol. 3, p. 277 (1929). 

If Bragg, ‘ Phil. Mag..’ vol. 13, p. 333 (1907). 
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Thus the agreement obtained is reasonable as to order of magnitude, and is 
probably not outside the limits of experimental error, 

McLennan, Perrin and Ireton,* who investigated the polymerisation of 
acetylene, measured the number of electrons entering the reaction vessel with 
a Faraday cylinder. Taking 10^“® cm. as the effective radius of the acetylene 
molecule, they calculated approximately—* 

No. of molecules reacting _ 4 *9 X 10^ ^ 

No. of molecules hit 3*77 X 10* 

A result which would appear to be in serious disagreement with Lind and 
Bardwell’sf result of 20 for M/N for a-particles. However, the effective 
collision area of a molecule is much smaller for fast moving electrons than for 
collisions between molecules at ordinary temperatures, and, further, varies 
with the velocity of the electron, and the mean effective collision area under 
these conditions is therefore imknown. If, however, we take one of their 
values for maximum voltage and yield, we can calculate a maximum value 
for the number of electron-volts per molecule reacting. 




Table IT. 



KV. 

KV. 

i 

1 

Molecules I 

Klectron-volts 

(maximum). 

(maximum after ! 

Pressure. ! 

per j 

per molecule 


pawiing window). 

! 

oloctron. 

(maximum). 

i 

120 

j 89’5 

i 

40 cm. 1 

1 

l-61xl0< i 

._j 



This value will be much too lugh, sinccj the njcan energy of electrons entering 
the vessel is much less than the maximum. If we assume that the amount 
of energy required to prodtice one ion pair in acetylene, relative to air, is the 
same for cathode rays as for a-particlcs we can make an estimate of the minimum 
value of M/N, Taking 1*26 as the total ionisation for acetylene relative to 
air, we obtain M/N >4*4, and it is therefore not unreasonable to suppose 
that the true value may be in agreement with Lind and Bardwelhs value of 
M/N -r 20. 

In our investigation an attempt has been made to reduce as far as possible 
the errors in determination of the energy of the electrons, and so to obtain a 
reliable value for the number of electron-volts per molecule reacting, which 
will give M/N as soon as ionisation data are available. 

' Proc. Hoy. Hoc./ A, vol. 125, p. 240 (1920). 
t ' 4. Amer. Chom. Soc.,' vol. 48, p. 1560 (1926). 
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reaction chosen for investigatioii was the decomposition of ammonia, on 
at^count of the facrt that it has been extensively investigated under the action 
of a-particles, in the sihnit discharge, photochemically and thermally. With 
'x-pai ticles Usher* found that decomposition in a small glass vessel proceeded 
almost to completion. Wourtzelf calculated that at ordinary temperatures 
M/N was equal to 0*8. Hydrazine was found by Bredig. Koenig and WagnerJ 
as an iiitermediate pioduct in tlu^ silent discharge. The photochemical reaction 
has been investigated by a number of authors,§ and their results are discussed 
later. The thermal reaction proceeds almost to completion on various surfaces, 
and has been very extensively investigated.|| 

McLennan and Green wood {l(K. dt.) investigated the reaction with cathode 
rays over a small range of low pressures. They concluded from their results 
that equilibrium was almost entirely on the side of ammonia formation at 4 mm. 
and at pressures slightly higher, and was displaced in the direction of more 
decomposition as the pressure was lowered. It is important to note that if 
their conclusion were correct, it would be entirely at variance with all results 
obtained using other sources of ionisation, which have shown that equilibrium 
is always larg(*ly on the side of decomposition. 

Experimental ATrai%gemenis. 

A beam of electrons from a Leiiard discharge tube was povssed through a thin 
window of aluminium into a reaction vessel, into which ainmotiia was introduced 
at different pressures. The tube—illustrated in fig. 1- contains a hollow 
cylindrical anode A, in which was centred accurately a metal cathode tube C 
carrying a tungsten filament W. Electrons emited from the filament were 
accelerated between the electrodes and passed through a window of aluminium 
()*0()1 cm. thickness, 4 cm. diameter, supported on a water-cooled grid structure 
of copper, The energy of the beam of electrons is severely limited by the 
maximum permissible rise of tempijrature of the window material, so that it 
is essential for any chemical investigation with cathode-rays, that the energy 
distribution over the whole area of the window should be as uniform as possible. 
This was achieved by substituting for the window foil a glass extension to the 

* ‘ J. Chem. Son.,’ vol. 07. pp. 389, 1193 (1910). 

t ‘ Radium,’ vol. 11, pp, 289, 332 (1919). 

t ‘ Z. PhyBik Chom.; A, vol. 139, p. 211 (1928); vol. 144, p. 213 (1929). 

§ Warburg, ‘ Freuss. Acad.,' Berlin, p. 746 (1911); Kuhn, * J. Ciiirn. Phys.,’ vol. 23, 
p. 62 (1926 ); Diokineon and Mitchell, ‘ Proc. Nat. Acad. Sci.,’ vol. 12, p. 692 (1926); 
Bates and Taylor, ‘ J. Amer. Chem. So<\,’ vol. 49. p. 2438 (1927). 

II Inter alia Hinshelwood and Burk, M. Chem. Soc.,’ vol. 127, p. 1106 (1925). 
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diBcharge tulx^, and there introducing a piece of zinc-sulphide screen so that 
visual observations could be made of the relative energy-density of the beam, 

as the filament was raised or lowered inside the 
tubular cathode, and the cathode raised in the 
anode. Aluminium was chosen for the window 
because it could be obtained free from minute 
holes in large slieets rather thinner than it was 
possible to produce nickel tyr copp(*r sheets. The 
electron energy losses in it arc only one-quarter of 
those in the same thickness of the heavier metals. 
II fact outweighing the higher permissible working 
temperatures of copper or nickel. Tt was found 
that fine pinholes rapidly developed in copper 
foils at 7(X)'^ C.—due no doubt to oxidation, and 
in nickel at SfKf to 9(K)‘" C., whereas aluminium 
('ould be maintained at GOCr' C. for a long period. 
An increase in the normal energy losses by a 
factor of X 3 was possible, using a strong blast of 
(^old air directed on to the window. The foils were 
(‘lamped into position on tljc, anode by a metal 
ring and rubber gasket sealed with special low 
vapour-pressure tap-grease; in this way the 
windows were very readily replaced. The tube 
was kept continually evacuated by an oil diffusion 
pump, so obviating the use of liquid air. 

Energy was supplied to the discharge tube at 
high potential from a large Tesla transformer, the 
maximum voltage, measured by a 25-cm. sphere 
gap, being 240 KV. during the investigation. As 
j this form of generator supplies damped alternating 

currents, all velocities of electrons up to the 
velocity corresponding to the maximum voltage on the tub<s are present in 
the beam and therefore the energy losses in the window are higher than if 
the tube were excited by induction coil or direct-current generator. Even 
with aluminium windows this energy loss limited the chemical investigation 
considerably. 

The total current from the tube cannot be measured by an ammeter placed 
in the tube circuit as the amount of cold cathode current may be very large in 
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some tubes; ia any case, the current in the tube is very difEerent from that 
actually utilised in a gas chamber, so all measurements on the beam were made 
with Faraday cylinders and calorimeters placed outside the tube, These were 
facilitated by keeping the anode of the tube permanently earthed and only 
the cathode at high potential to earth. Eh^trical leads to all measuring 
instruments had to be especially earth 8hielde<l, to protect them from the 
strong high-frequen(\v electric field radiating from the Tesla transformer. 

The chemical system—illustrated in fig. 2—could be evacuated by means 
of a mercury diffusion pump, backed alternatively by a Tdpler or Hyvac pump, 



the former being used when the products wei% to be collected. The reaction 
vessel generally used, was made of pyrex glass, cylindrical in shape, 22 cm. long 
and 8 • 5 cm. in diameter. A flange at the top was ground flat, and fitted to the 
window support. This consisted of a brass disc, bored in hexagonal pattern 
with 01 holes, each ll/04-iiich in diameter, with 0/I0*inch spacing between the 
centres. It was waxed to the vessel and provided with a watcr-cooIing tube. 
The window consisted of aluminium foil 0*020 mm. in thickness, fixed to the 
support by means of a cellulose paint which was protected from the action of 
the rays by a shield of metal. A second vessel, made of soda glass of the same 
dimensions, and fitted with a window support made to the same plan, was 
silvered inside to within a few millimetres of the window support, and a 
platinum wire sealed through the glass making electrical contact with the silver. 
This vessel could be used os a Faraday cylinder to measure the total number 
of electrons entering the reaction vessel per second, and also as a reaction 
vessel When the pyrex vessel was used, measurements of the current entering 
the vessel were mode before and after exposure by substituting the soda glass 
Faraday cylinder. It was found tlrnt when the filament current and maximum 
vefi^ge were kept constant, the readings normally agreed to i 6 per cent, 
vox-, exxx.— A. 2 A 
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The Faraday cylinder was connected through a galvanometer to earth. The 
system of having a separate window for the cathode ray tube and the reaction 
vessel, was adopted since it was more convenient, and eliminated possible 
thermal effects on the chemical reactions since the second window remained 
comparatively cool. 

Ex/perimerUaL 

The vessel was first baked out under a high vacuum, the pyrex vessel at 
about 500® C., and the soda vessel at about 350° C. After this it was exposed 
to bombardment from cathode rays, when further considerable quantities of 
gas were evolved, quite sufficient to vitiate entirely experiments made at low 
pressures in the absence of this treatment. Readings on the McLeod gauge, 
with the trap C at room temperature, at — 78° C., and at the temperature of 
liquid air, showed that in the first few minutes these gases were a mixture of 
water vapour, a condensible gas, presumably carbon dioxide—and permanent 
gases. The fallowing are typical figures obtained wnth the pyrex vessel for 
successive exposures, after baking out for 2 hours at about 500° C. 

Table III. 


Timo of exposure 

1 Volume o{ gan evolved unoondenaible 

(240 KV., 4*0 mioroainps.). 

j at - 78° C. (0.0. N.T.P.). 

minutes. 

per minute. 

2 

0 025 

4 

0004 

10 

0 0021) 

10 

OOOOO 


For a silvered pyrex vessel, the quantities were somewhat lower, viz. : - 

Table IV. 


Time of exposure 
(240 KV. 4*0 mioro&mps.). 

Volume of gaa evolved unoondenaible 
•t - 78° 0. (C.O. N.T.P.). 

minutes. 

per minute. 

5 

0-0036 

5 

0-0017 

10 

0*0007 


It is interesting to note that the quantity of gas evolved in the first few 
minutes from the unsilvered surface corresponds approximately to a tmi- 
molecular film on the surface of the glass. It was found, both in the silvered 
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awd unailvered vessek, that small quantities of permanent gas were evolved 
indefinitely, amounting to 0-0007 to 0*0009 c.c. per minute at 4-0 microamps 
and 240 KV., practically independent of the length of, or interval between, 
exposures. Thus bombardment with cathode rays is an extremely efficient 
method of outgassing a glass surface, 10 minutes’ exposure being probably 
equivalent to several days of baking out and drying with phosphoric anhydride. 

Ammonia, prepared by reducing the pressure over an aqueous solution, was 
passed over solid potash and phosphoric anhydride, and condensed in liquid 
air in the trap A. The permanent gases were pumped off and after removing 
the liquid air the first fraction was rejected and the next sublimed into the trap 
C, or, for experiments at low pressures, directly into the reaction vessel, in 
which case C, which was silvered, was cooled to — 78'" C. to remove mercury 
vapour. Before an exposure to the electron beam, the ammonia was tested 
for freedom from permanent gases. After exposure the undecomposed 
ammonia was frozen out in liquid air and the residual pressure noted, so giving 
the volume of permanent gases formed. They could be collected by means 
of the Ttiplcr pump, measured directly, and, if required, analysed. 

The following is a summary of the results obtained. Those in which the 
silvered vessel was used are denoted by S,” and the unsilvered by “ P/’ 
Maximum voltage 240 KV. 

Table V. 


1 

i 

Progsuro 
(cm. 18“ C.). 

Time 

(minutes). 

Current 

(mioroampa.). 

Volun 
permanent j 

0.0. 

N.T.P. 

1 

ae of 

^ formed. 

c.c. per 
minute. 

Molecules of 
permanent 
uas per 
electron 
M/E. 

M 

Ep ' 

P. 

7)-4 

5 

5-0 

1-42 

0-384 

4080 

67*1 

P. 

40-0 

5 

5-0 

0-866 

0 173 

2484 

62-1 

P. 

a6'86 

i ® 

6-0 

0-803 

0-100 

1442 

66-8 

P. 

201 

10 1 

6-0 

0-706 

0 0706 

1142 

56-8 

a 

20*05 

! 10 1 

3-26 

0-643 

0-0543 

1109 

69*8 

p. 

12-1 

! 10 

5-0 

1 0*475 

0-0476 

682 

56-4 

a 

7-42 

10 I 

4*75 

I 0-260 

0-0260 

303 

63-0 

p. 

5*76 

30 1 

6-0 

1 0-680 

0-0227 

326 

66-6 

p. 

2-0 

i 0 ! 

6-0 

0*062 

0-0104 

140 

74-5 

a 

1*46 

10 1 

2-1 

0-038 

0-0038 

130 

89 

a 

1-06 

10 

3-6 

0-048 

0-0048 

96 

90 

a 

l*0S 

10 

2*2 

0-0208 

0-0030 

97 

04 

6, 

0-82 

10 

3-6 

0-037 

0-0037 

76-9 

03 

P. 

0-270 

10 

6-0 

0-0304 

0-0030 

43-6 

166 

a 

0-226 

10 

3-6 

0-0130 

0-0013 

27 

117 

p. 

0-m 

10 

6-0 

0-0186 

0-0018 

26*6 

236 

a 

0-0570 

10 

4-0 

0-0130 

0-0013 

23*3 

400 

p. 

0-0200 

20 

6-0 

0-0213 

0-0011 

14-7 

786 


2 A 2 
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The results show that over the range 71-4 to 6-76 cm, initial pftes8ure,fthe rate 
of formation of permanent gas is approximately proportional to the pressure 
and independent of the nature of the surface (fig. 3). 



InitirtI prCRaure 

Fig. 3. 

Analysis of the permanent gases was carried out by means of a small gas 
analysis apparatus of capacity 4-6 c.c., adapted from the type used by Norrish 
and Griffiths*, to whom we express our thanks. Analyses carried out with air, 
showed that results could be obtained correct to ± 0'006 c.c. The following 
results were obtained :— 

Table IV. 


Initial 

pT6»suro. 

Volume j 

0 . 0 , N.T.P. j 

Percentage 

hydrogen. 

Peroentage 

nitrogen. 

cm. ! 




72.0 

2.25 

74-8 

25*2 

25-85 

0'803 

76*8 

24*2 

/ 12 a 1 

0*476 1 

77-4 

22*6 

\ 5-75 

0-68 

j 



• ‘ J. Chem. Soc,,’ p. 2829 (1928). 
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The excess of hydrogen in the samples obtained at low pressures suggested 
the formation of liydrazine. The ammonia in the next series of runs was, 
therefore, frozen out by liquid air, and after pumping off the greater part below 
the melting point, the remaining fraction was kept to test for hydrazine. 

The test for hydrazine was carried out by a method which had been proved 
to be the most reliable and specific in detecting a small quantity. This depends 
on the thermal decomposition on a glass surface, which proceeds according to 
the equation 

+ ( 1 ) 

The fraction to be tested was cooled in carbon dioxide and ethtu* in a side 
tube attached to the tap B ; and the ammonia, which exerts a pressure of a 
few centimetres at this temperature, was pumped off. The tube was then 
heated for 5 minutes at about 400"^ C., cooled again to — IS"" C., and the 
pressure noted on the McLeod gauge ; it was then cooled in liquid air and the 
pressure again noted. The permanent gases were pumped off and the liquid 
air again replaced by carbon dioxide. The first reading gives the total volume 
of ammonia and nitrogen, the second the nitrogen, and the third the ammonia. 


The following results were obtained :— 

(1) First reading over COg and ether. 0’041 mm. 

(2) First reading over liquid air . 0*007 mm. 

(3) Second reading over COg and ether. 0*033 mm. 


A separate test made with permanent gas showed that a correction factor of 
1*126 was required in reading (2) to make it comparable with (1) and (3), 
which were obtained with the trap at a higher temperature. Hence the 
analysis gives the following relative volumes :— 



Pressure. 

Per cent. 


mm. 


Ammonia . 

. 0-033 

80-5 

Nitrogen . 

. 0-008 

19-5 

Total . 

. 0-041 

100-0 


The agreement with equation (1) is very good. The reliability of the method 
was proved by tests made with hydrazine from another source, the proportions 
being correct to 1 per cent, in each case. 

A confirmatory test for hydrazine was made using the action on neutralised 

♦ Askey, ‘ J. Amer, Ghem. Soo.,' vol. S2, p. 970 (1930). 
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gold chloride solution. A red coloration due to colloidal gold was obtained ; 
careful blank experiments showed that no hydrazine was present in the origiiml 
ammonia. 

An attempt was made to determine the hydrazine directly by complete 
decomposition on a platinum filament. After thorough outgasaing of the fila¬ 
ment, the hydrazine, separated as described above from the excess of ammonia, 
was introduced, and the filament kept at a bright red heat until no condensible 
gas or vapour remained. The following result was obtained :— 

Initial pressure—1 *03 cm. 

Exposure—10 minutes, 240 KV. maximum, 2-2 microampe. 

Yield of permanent gas obtained directly—0*0298 c.c. 

Yield of permanent gas by decomposition of hydrazine—0*0157 c.c. 

It was found that the quantity of hydrazine obtained in two experiments at 
180 KV. and at 75*0 and 66*3 cm, pressure respectively was too small to be 
separable from the large excess of ammonia. In the above results some of the 
hydrazine will have been lost, and the value of 0*0157 c.c, is probably somewhat 
low. 

From the data obtained in the gas analyses and in the above experiment, 
we can make an approximate calculation of the fraction of decomposed ammonia 
converted into hydrazine. The results are as follows;— 


Table VII. 


Preaaure ! 

Yield 

(permanent 

ga«ea). 

Ammonia oonverted into NtH 4 -f H* ^ 

TotaJ ammonia decomposed 

1 

cm. 


1 

73*0 

2 25 


3SS5 

OS03 

11 

121 

(>■475 

1 L ‘in 

5*75 

0*58 

I 

10 $ 

0 02S8 

i _ _ i 

>80 


An experiment was made to determine whether there is any evidence for the 
conclusion of McLennan and Greenwood that equilibrium is almost entirely 
on the side of ammonia formation at pressures of 4 mm., and slightly higher. 
The initial pressure was 10*6 mm., and the following results were obtained for 
successive exposures, the permanent gases not being pumped off between 
exposures. 
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Table VIII. 


!i)xpt>«ure. 

1 

j_ 

i'Urpcnt. 

i Yitvld. j 

M/K. 

minuieB. 

i 

! 

mioroftinp®. 

1 o.c. N.T.P. 


2 

: 

I'S 

0-0040 

80 

5 

i 

1 8 

: 0-0124 1 

09 

10 


3H 

0-050 S 

100 


I 


These results indicate that there is no tendency to approach equilibrium in the 
first 0 • 4 per cent, of decomposition. 

The following results were obtained at 180 KV. maximum:— 




Tablp IX. 



Initial 

pmssure. 

Time. 

{ (-urrerit. 

1 

1 

Yield 

1 

cm. 

minutes. 

microamps. 

c.c. N.T.P. 

. 

1 

75-0 

1 10 

i ()‘50 

! 0*230 

! 3*30 

76-0 

10 

1-31 

i 0*654 

3*58 


10 

1*31 

0*603 

3*80 

58-3 

10 

i 1*31 

i 

1 0*507 

( 

3*27 


i 

1 


I 

1 

: Mean 3*38 

i 


Here the yield is almost independent of the pressure. 

The results obtained at low pressures must be corrected for the continuous 
evolution of permanent gas from the surface of the vessel. This correction 
amounts to approximately 14 molecules per electron in vacuo, and is possibly 
somewhat less at a pressure of 1 or 2 cm. When tliis correction is applied the 
following values of M/E and M/B3p are obtained. 


Table X. 


Pressure 

M'K. 

M/K 1 


(cm.), p. 

(corrected). j 

(corrected). 

P. 

2*0 

149 ^ 

ISO 

67*5 

S. 

1-46 

130 

1 116 

79*5 

s. 

106 

96 

1 82 

77*0 

s. 

1-08 

97 

83 

81-0 

s. 

0*82 

76 

62 

76*0 

p. 

0 279 

43*6 

29*6 

106*0 

s. 

0-928 

27 

13 

57*0 

p. 

0-113 

36*5 

12*5 

111*0 
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In the last three results the relative correction is so large that not much reliance 
can be placed on the figures obtained, but we notice that over the range 0»82 
to 2’0 cm. the correct-ed ratio M/Ep is consistently greater than that obtained 
at higher pressures. Tlius, allowing for the increasing yield of hydrazine, at 
low pressures, we see that the rate of decomposition is not strictly proportional 
to the pressure over the whole range, but is relatively greater at low pressures. 


Calorimelrk Experiment.t >. 


Measurements of the total energy of the beam wtue made by a calorimetric 
method. The calorimeter was made of copper O J mm. thick, the shape and 
dimensions in cms. l)eing as shown in fig. 4. It was supported by silk threads 



inside an outer vessel of thick copper, 
fitted with a water-cooled window 
support, bored to the same plan as that 
of the reaction vessel. The temperature 
was measured by me^ns of iron-eureka 
thermocouples spot-welded to the sur¬ 
face of the copper and the current 
determined by means of a sensitive 
mirror galvanometer calibrated direcJtly 
in degrees by varymg the temperature 


of the cold junction. The outer vessel was evacuated during experiments 
and kept in a w^ater bath. Heating and cooling curves were taken and the 
amount of heat given to the calorimeter per second calculated, one of the 
leads being earthed. If the l(‘ads of the thermocouples were connected 
together and through a galvanometer to earth, the apparatus served as a 
Faraday cylinder, as the outer case was not in electrical connection with the 


calorimeter. 

Sowce^ of Error.—h is of great importance to make some estimate of the 
accuracy of the results obtained ; the chief sources of error are therefore 
discussed in some detail :~ 


(1) Radiation from the window\ This source of error is greatly reduced by 
introducing a second water-cooled window between that of the cathode 
ray tube and the calorimeter, the space between the second window 
and the calorimeter being evacuated. The regularity of the heating 
curve, after correcting for radiation losses, indicates that this error 
is small. 



Owmiccd Effects of Cathode Bays. 


359 


(2) Incomplete absorption of energy. The error due to some of the energy 
being lost owing to reflection of electrons out of the calorimeter is 
reduced as far as possible by the shape of tlie calorimeter. It is 
to be noted that these two errors will be to some extent mutually 
compensating. 

(3) Non-uniformity of temperature over the surface of the calorimeter. It 

is possible that the temperature was lower near the top of the vessel, 
where fewer electrons strike directly, than at the base. To reduce this 
source of error a number of thermocouples were welded to various parts 
of the calorimeter and connected in parallel. Further, measurements 
were made with a single thermocouple fixed just below the lip, near the 
silk support, and showed that the temperature at tliis point was not 
more than 16 per cent, lower than that measured by the couples in 
parallel. 

(4) Other possible errors. The method reproduces accurately the con¬ 
ditions of the chemical experiments. It differs from that of Busso 
and Daniells, who used no second window but an air space of 2 cm., 
which they calculated corresponded to the window used. Cooling 
accurately obeyed Newton’s law throughout the temperature ranges 
employed (about 4"^ C.), and the correction could be accurately applied. 
Variations in current and maximum voltage on the discharge tube would 
be similar to those in the chemical experiments and were shown to be 
small by the reproducibility of results. The leads were of fine iron and 
eureka wire and their weight small compared with that of the copper 
vessel. 

The variability of results in the calorimetric and chemical experiments 
indicate a possible error not greater than ± 6 per cent. The magnitude and 
sign of the systematic errors discussed in (1), (2) and (3) above is more difficult 
to estimate, but we consider that our results are certainly correct to ± 20 per 
cent, and are probably of a higher order of accuracy. 

The following results were obtained :— 



360 


G, K Gedye and T. E. Allibone, 


Table XL 


KV. 

(maximum). 

1 

Current j 

(mioroamps.). 1 

Rate or ria© of | Rate of supply 

tomporature (correottHl) | of energy 

degrees per minute. j (watts). 

Mean energy 
per electron. 


' 

I 

i 


KV. 

240 

240 

3*90 1 

3*90 1 

1 

4-285 

4-3«* j/ 

0-48» 

125 

180 , 

1*31 1 

0-57 h 


i 


1-31 

0-52 j 1 

0 629 

j 48 


1-31 

0-57 jj 

i 


i.. .. _ 



DisciUiswn of Results. 



We must consider how 

our results fit in with the theory that 

reaction is due 


to ionisatioQ, a definite number of molecules reacting per ion paii* produced. 
At low pressures, at which the majority of electrons reach the walls without 
an appreciable diminution in their energy, the amount of ionisation produced 
would be proportional to the number of molecules per cubic centimetre, that 
is, to the pressure, if that produced by secondary elexjtrons and reflected electrons 
can be ignored. On the other hand, if the vessel were sufficiently large or the 
pressure sufficiently high to ensure that no electrons reached the walls with an 
appreciable fraction of their initial energy, then the amount of ionisation 
produced should be independent of the pressure. Calorimetric experiments 
made under these conditions should give a true value of the number of electron- 
volts per inolecule reacting. The results obtained at 180 KV. maximum show 
that the yield is practically independent of the pressure, and hence should give 
the true value required. In the intermediate case we have two effects to 
consider. First, as the pressure is raised an increasing fraction of the electrons 
lose all their energy before reaching the walls, and, secondly, the amount of 
ionisation per unit length of path increases as the velocity of the electrons 
decreases. As we do not know the distribution of velocities in the electron 
beam, it is impossible to calculate a relation between ionisation and pressure 
over this range, 

Our results indicate that the rate of reaction is approximately proportional 
to the pressure over a considerable range of pressures, the relative rate increasing 
somewhat at low pressures. It is not unreasonable to suppose that the amount 
of ionisation produced is approximately proportional to the pressure until a 
considerable fraction of the electrons fail to reach the walls, and hence that 
a definite amount of decomposition occurs for each ion pair formed. The 
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increase in the relative rate at low pressures is probably due to the effect of 
secondary electrons, or possibly to decomposition in an absorbed film, though 
we have no evidence from a comparison of the yields in glass and silvered 
vessels that the nature of the surface affects the yields. Since the approxi¬ 
mate linear law holds up to the highest pressure employed at 240 KV. maximum, 
it is clear that many of the electrons reach the walls still possessing a certain 
amount of energy. This is what would be expected with a vessel of the 
dimensions employed and electrons of average energy 124 KV. entering the 
vessel. Hence values of the number of electron-volts per molecule reacting, 
will be considerably too high if calculated from our results at 240 KV. 

As no data on the ionisation of ammonia by cathode rays are available we 
can only cahmlate the value of M/N if we make the arbitrary, but perhaps 
reasonable, assumption that the amount of energy required to produce one 
ion pair in ammonia relative to air, is the same for cathode rays as for a- 
particles. Taking 0-95* as the total ionisation for ammonia relative to that 
for air, the following values are obtained. 




Table XII. 



Moximum 

Mean energy 

Molecules decnmiposed 

Kleciron volts 

M/N. 

voltage. 

wr clectnjii. 

{>er electron. 

)_ _ 

}>er molecule. 

. . 

KV. 

.KV.__ _ 


240 

125 i 

2040 i 

/ 

01 

> 0 -50 

ISO 

48 1 

1090 

28 *4 ‘ 

i ! 

MO 


In calculating these results the hydrazine has b(H?n ignored. In view of the 
results of the analyses, it is reasonably certain that the fraction of the decom¬ 
posed ammonia converted into hydrazine in the experiments at 180 KV. is 
less than 20 per cent., which means that the value of 1 * 19 is not low on this 
account by more than 10 per cent, since hydrazine is probably decomposed, 
as in the photochemical reaction, according to the equation 

2N^4 - 2NHa 4- N, f (2) 

Wourtzel calculated from his results M/N = 0*8, but this value is probably 
low owing to the deposition of the radioactive deposit on the walls of the 
containing vessel during the experiment. If we assume that all the radio- 

♦ The value token by WourtMl for his calculations. Laby Proe. Roy. Soc.,’ A. vol. 
79, p. 206 (1907)] gives 0*90. 

t Elgin and Taylor, ‘ J. Amer. Chem, Sot?.,’ vol. 51, p. 2059 (1929), 
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active deposit reaches the walls, we obtain M/N = 1*24. Thus agreement 
between the results is satisfactory. 

The formation of hydrazine is an interesting and important point. Our 
results show that it is formed in relatively larger quantities, even for greater 
relative yields, at low pressures. If hydrazine is an intermediate product it is 
dear that it must be decomposed much faster than ammonia. Two possible 
hypotheses may explain this and both agree with the relatively larger yields 
at low pressures. 

(a) Hydrazine may be decomposed by a chain reaction, the chains being 
broken by the walls, and therefore longer in presence of a large excess 
of ammonia. 

{b) Hydrazine molecules may be formed in the excited state, and, if de¬ 
activated by radiation before collision, normal hydrazine results, but 
if not, further decomposition takes place. In this case the yield of 
hydrazine will be greater the longer the mean time between two collisions, 
that is, the lower tlic pressure. A decision cannot be made without 
further experiment. 

The mean energy j)er ion pair (taken as 35 electron-volts) is considerably 
higher than the first ionisation potential (11*1 volts).* A considerable part 
of the energy is accounted for by secondary electrons left with energies too 
small to cauw^ ionisation, but in addition there is probably a certain amount 
of excitation and possibly a few multicharged ions may be formed. 
The greater part of the chemical reaction is probably due, however, to 
simple ionisation. 

There are two possibilities, (a) the combination of a positive ion and an 
electron, and (b) the combination of a positive and a negative ion. The first 
process cannot occur unless there is some means of removing the excess energj% 
such as three-body collision with another molecule or with the walls, or dis¬ 
sociation into simpler molecules, it being well known that loss by radiation is 
difficult. In this case the reaction would be 

NHa + c NH + Hj. (3) 

This is preferred to the alternative mechanism 

NH3 + £=-NHa + H. (4) 

* Maokay, ‘ Phil. Mag.,’ vol. 40, p. 028 (1923); Bartlett, ‘ Phys. Rev.,’ voL 33, p. 169 
(1928). 
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The existence of Nil has been proved by observation of band spectra* * * § and it 
may be the active gas observed by Lavin and Bates.f This would be followed 

by 

NH + NH 3 - N 3 H 4 (5) 

and finally 

2N,H, == 2NH3 f N, + H,. (6) 

On account of th(^ rarity of simple recombinations of the type 

NH3 + .^-NH3, (7) 

this mechanism requires M/N ^ 1 . 

Wourtzel (loc. ciL) found, however, that M/N rises to 2*55 at 318"^ 0. or 4*0 
if corrected for the radioactive deposit, an observation paralleled in the case 
of the photochemical reaction, in which a quantum efficiency of 3 * 3 was observed 
at 500® C 4 It is impossible to account for such a high efficiency by mechanism 
(a), and ( 6 ) is therefore to be preferred. Its relative impoitance depends 
on the probability of reaction ( 6 ), and in spite of the relatively low electron 
affinity of ammonia§ it is quite possible that it plays the most important part. 
In this case, unlike («), recombination may occur without chemical reaction. 
The me< 3 hanism 


NH 3 f NHj - 2 NH 4 

( 8 ) 

2 {NH h NH 3 = N,H,}, 

( 6 ) 

2N aH 4 = 2 NH 3 i N, 4 H,, 

( 6 ) 


therefore allows a maximum efficiency of two molecmles of ammonia decomposed 
per ion pair. If at high temperatures 

NH + NHg - Ng + 2H, (9) 

is favoured in place of (5) we can account for a maximum efficiency of 4. 

Oompanson of the Results obtaimd in the Decomposition of Ammonia by 
Cathode Rays %vith those (Mained xvith othA^c Radiations. —We have shown that 
our results agree quantitatively with those obtained by Wourtzel for a-particles. 
A comparison with the photochemical reaction is therefore of interest and some 
information should be obtainable regarding the similarity or difference between 
photochemical reactions and reactions due to ionisation. Lind in several 

* Hulthdn and Nakamura, ‘ Nature/ voL 119, p, 235 (1927). 

t ‘ Nature/ vol. 125, p. 709 (1930). 

t Kuhn, ‘ C. R./ vol. 178, p. 708 (1924). 

§ Attachment constant 9*9 x 10*. Wahlin, ‘ Phys. Rev,/ vol, 19, p. 178 (1922). 
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recent papers* has demonstrated similarity in the two oases, and the summaries 
in his book (p. 211), and in Griffith and McKeown^s “ Photo Processes in Gaseous 
and Liquid Systems ’’f (pp. 671 -73}, show that quantum efficiency is generally 
of the same order of magnitude, though not necessarily equal to the M/N 
ratio. 

Kuhn using radiation between the limits X 202-5 fx(x and 214*0 [xp, 
found between 10“ and 20“ C. a quantum efficiency of 0*4 to 0*5 independent 
of pressure between 900 mm. and 5 mm., reaction proceeding smoothly to 
completion at a speed proportional to the rate of absorption of energy. He did 
not test for hydrazine in tlu* initial stages of decomposition. Kassel and NoyesJ 
using radiation of the range X 160 to 190 {ip found M/Av 0*7. It appears 
therefore that in this case M/Av is somewhat less than M/N at ordinary 
temperatures and increases with decreasing wave-length. 

Dickinson and Mitchell,§ and Bates and Taylor [j investigated both the direct 
and mercury sensitised reactions. Analyses of the decomposition products by 
Bates and Taylor, who used a flow method, showed excess of hydrogen thus :— 


Sensitised reaction. Hj 89 per cent., Nj 11 per cent. 

Direct reaction ... 96 per cent., Njj 4 per cent. 


Although they suggested that this might be due to hydrazine formation, they 
did not detect it directly. In view of our results there is every reason to believe 
that hydrazine formation was the explanation. In view of these results and the 
similar effect of temperature in the photochemical and ionic reactions, it seems 
probable that a similar mechanism accounts for the two cases. 

Bredig, Koenig and Wagner^ using the silent discharge obtained large 
yields of hydrazine by a flow method. The highest yields, up to 80 per cent, 
of the decomposed ammonia, were obtained at relatively low pressures with a 
high rate of flow, a result strictly in agreement with our own. 

We have obtained no support for the conclusions of McLennan and Green¬ 
wood that at 4 mm. pressure equilibrium was entirely on the side of formation 
and that the initial rate of decomposition is independent of pressure. They 
followed the reaction by pressure changes only, and made no analysis of the 

* inter alia, ‘ J. Phys. Chem.,* vol 32, p. 573 (1928). 

t Longmans (1929). 

t ‘ J. Amor. Ohem. Soc./ vol 49, p. 2496 (1927). 

§ * Proc. Nat, Aoad. 8ci.,’ vol 12, p. 692 (1926). 

II * Proc. Nat. Acad. Sci./ vol 12, p. 714 (1926); ‘ J. Amer. Ohem. Soc./ vol 49, p. 2438 
(1927). 

H * Z. Phys. Chem.; A, vol 139, p. 211 (1928); vol. 144, p. 213 (1929), 
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products. We can see from our results that at low initial pressures the change 
does not give a measure of tlie amount of decomposition, for the following 
reasons:— 

( 1 ) The reaction 2 NH 3 = N 2 II 4 + proceeds without change of pressure. 

(2) The rise in pressure at low initial pressures may be due to decomposition 
or desorption of a surface absorbed film. 

(Jl) Even in vaafo thero is a small evolution of gas from the surface. 

It is to be noted that the relative pressure changes at 4 ram. would be small 
in the first few minutes of reaction if the current entering the reaction vessel 
is of the same order of magnitude as in our experiments, even if decomposition 
procMHMled directly as they supposed. 

Experiments on the synthesis of ammonia are in progress and we liave found 
that the rate of formation of ammonia is small compared with its decomposition 
over a considerable range of pressures. It was found by McLennan and 
Greenwood that the first few results with a vessel that had been exposed to 
air for some time were irregular. They ascribed this to the surface in its 
original state possessing the property of decomposing ammonia under the 
influence of cathode rays, a property destroyed by prolongtHl exposure to 
ammonia, nitrogen or liydrogen. In view of our observation that considerable 
quantities of gas are evolved from the surface of a vessel which has been exposed 
to air, even after thorough baking out, it would appear that the pressure 
increases observed were due to the same cause. 

We may conclude that the cathode ray method of investigation is capable 
of giving quantitative results, and possesses great advantages over the a- 
particle method for the examination of the initial stages of the reaction. Our 
accuracy is limited by the type of transformer used, but there is reason to 
believe that this method will give, when ionisation data are available, values 
for the M/N ratio of the same order of accuracy as those obtained with a- 
particles, or the M/Av ratios obtained in photocliemioal reactions. The method, 
on the other hand, is not suitable for work at low pressures, owing to the 
complications produced by the intense bombardment of the glass. 

Sumfmry, 

1 , Ammonia is decomposed by cathode rays into hydrazine, nitrogen and 
hydrogen, the relative yield of hydrazine for the same relative amount of 
decomposition, being greater at low pressures. 

2. A calorimeter has been designed for the measurement of the energy of 
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the electrons entering the reaction vessel, capable of giving results for the 
amount of energy per molecule reacting, of the same order of accuracy as can 
be obtained when using a-particles. 

3. Good agreement is obtained with Wourtzel’s results for a-particles in the 
same reaction. The results agree qualitatively with those obtained in the 
silent discharge and in ultra-violet light. It is calculated that 1*2 molecules 
of ammonia are decomposed for each ion pair formed. 

4. We conclude that the cathode ray method of investigation possesses 
advantages for both qualitative and quantitative work, at normal and moderate 
pressures, and especially for the examination of the initial stages of the reaction. 
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The Chemical Constant of Hydrogm Vapour and, the Entropy of 
Crystalline Hydrogen, 

By T. E. Stern, B.Sc., Trinity College, Cambridge. 

(Comniuriicated by R. H. Fowler, F.K.S. -Received November 1, 1930.) 

Introdudiimi, 

In a paper <ialled “ The Chemical Constant of Hydrogen Vapour and the 
failure of Nernst's Heat Theorem/’* R. H. Fowler has investigated the vapour 
pressure of hydrogen crystals at low temperatures ; taking account of the 
existence of two sorts of hydrogen molecules, namely, ortho-hydrogen with even 
rotational quantum numbers and para-hydrogen with odd rotational quantum 
numbers, which retain their individuality over long periods at very low 
temperatures. By the use of the classical statistics, he was able to show that 
at very low temperatures hydrogen, as obtained by cooling hydrogen gas 
from ordinary temperatures, ought to have very nearly the experimentally 
observed chemical constant. Since the theory of the specific heat of hydrogen 
yielded correct values at low temperatures, it followed that at ordinary 
temperatures also his theory would yield a correct value for the chemical 
constant. Finally, from the form of the partition function for hydrogen gas, 
Fowler attempted to obtain inferences concerning the validity of Nemst’s 
heat theorem. 

By the use of the classical statistics fairly accurate results were obtained. 
But we shall find that when we make use of the Einstein-Bose statistics—the 
correct statistics for an assembly of hydrogen molecules—a result will be obtained 
for the vapour pressure of hydrogen crystals at low temperatures which will 
furnish a value for the chemical constant of hydrogen in even closer agreement 
with experiment than Fowler’s result. Further, as the result of the Einstein- 
Bose statistics, slight variations will be found to occur in the composition of a 
mixed crystal of the two sorts of hydrogen as it is allowed to build up at low 
temperatures, from the gas. We shall then follow the vapour pressure equation, 
which is correct at low temperatures through to ordinary temperatures, and 
show how a term | log 3 appears in the chemical constant when we calculate 
its value at ordinary temperatures—a thing not obvious without explicit 
calculation. We shall investigate the effect upon equilibria involving the 

* R. H. FowUjr, ‘ Proc, Roy. Soc,,’ A, vol. 118, p. 52 (1928). 
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gaseous and cr3^etal forma of hydrogen of a change, if any change ot^curs, in 
the moment of inertia of a hydrogen molecule when it condenses from the gas 
on to a crystal. And finally, while leaving the position of Nernst's tlieorem 
itself for discussion in another paper, wc shall calculate by statistical nn^chanics 
the difference between the entropies of the different sorts of crystalline hydrogen 
at the absolute zero of temperature. 

§ L The Staf i.S'/uat Mechanics of Assemblies cmilaining Hydrogen Gas and 
Mixed Crystals of Para- and Ortho-hydrogen. 

We consider an assembly containing X molecules of para-hydrogen, and X' 
molecules of ortho-hydrogen, between which it is assumed that no interchanges 
occur, A molecmle of the former type can be represented by only "Ij + 1 
linearly independent wave-functions where is the rotational quauttun number ; 
corresponding to the 2j + ] possible eigenvalues of tlie z component of rota¬ 
tional angular momentum. A molecule of the latter type, however, can be 
i’eprc8eiit(Kl by any one of 3 (2j + 1) linearly independent wave-functions; 
(;orre8ponding to the 2j + 1 possible eigenvalues of the z component of rota¬ 
tional angular momentum and the three possible eigenvalues of thecomponent 
of nuclear spin angular momentum. The observables involved commute 
with each other so that we may assign these eigenvalues independently. 
The wave-function of an assembly of hydrogen molecules must be symmetrical 
in all of the molecules. We are interested in the total number of linearly 
independent wave-functions of this type capable of describing the ussemblj" 
when the total energy of the assembly is E. 

Let N be the number of molecules of para-hydrogen in the gas and let N' 
be thfe number of molecules of ortho-hydrogen in the gas. Let P and P' be 
the numbers of molecules of the two sorts in the crystalline phase. Wo suppose 
tliat the partition function for the normal modes of vibration of a mixed crystal 
containing in all L molermles of both sorts of hydrogen is of the form k (z)^ ; 
and that the rotational partition functions for the molecules, both in the crystal 
and in the gas (we defer until later a discussion of this assumption) are for the 
para-hydrogen 

( 1 ) fi^)^ ^ 

au<] for the ortho-hydrogen 

1, a, &,... 
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where e =« h^j{^A), h being Planck’s constant, and A being the moment of 
inertia of the molecule. The normal modes of vibration of the crystal 
contribute to the total number of possible linearly independent wave-functions 
capable of describing the entire assembly a factor equal to the coefficient of 

in K when the total energy of the normal modes of vibration of the 

crystal is Q. 

We must now obtain an expression for the factor, contributed to the total 
number of linearly independent wave-functions capable of representing the 
assembly, by the molecular rotations. Consider first, for simplicity, a 
“ crystal ” composed of three similar molecules arranged in any manner among 
the lattice points a, b and c. Two of the molecules are to have rotational 
wave-functions of class As the other of class B. There is only one independent 
wave-function A of class A, but class B has two linearly independent wave- 
functions B^ and B^. Then the possible wave-functions for this crystal, 
symmetrical in all the molecules and linearly independent, if we neglect 
oscillations, are to a first approximation the permanents 


: (1) 


A, (3): ! 

A. (1) ! ; A, (1) 

A (1) 

A m 

A, (3) i, : 

A(i)|. 

* ^oMD 


BoM3) I I 

5c* (1) i : A, (1) 


A. (1) 1 

1 -BaMD 

1 1 5„>(1) 1 


AHi) 

> ! A, (1) 



A (1) ' 

i A, (i) 

! 1 A, (1) ! 


where, for instance, B^^ (2) means the first rotational wave-function of class B 
for the second molecule, associated with the lattice point c. We have written 
down only the first columns of the permanents denoting the last five wave- 
functions, We observe that these wave-functions are 3 !/l ! 2 ! == 6 in 
number. 

We see from this example that the molecular rotations in the crystal 
contribute to the total munber of possible wave-functions of the entire 
assembly, a factor equal to the coefficient of z® in 

{P + P') UP 1 P '! 

when the total energy of molecular rotation in the crystal is S. Thus the 
crystal, when its energy is U, contributes to the total number of wave-functions 
of the assembly a factor equal to the coefficient of in 

fizff (zf K (P + F) yp ! F ! 


2 B 2 
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or eqnal to the coefficient of in 

i /{I — (jr/( 2 ) + xj' (z )) K (z)}. 

The vapour, if its energy is F, contributes to the total number of wave-functions 
a factor equal to the coefficient of in 


where the 11*8 are taken over all the energy values ; the pruned and unprimed 
letters referring as before to ortho-hydrogen and para-hydrogen. Hence the 
total number of linearly independent wave-functions, symmetric in the 
molecules, capable of representing the entire assembly of energy E and 
corresponding to all possible distributions of the molecules between the 
phases, is the coefficient of in 


Hence this number 


l-{xf(z)^Xr{z))K{z) 


_ \l~xz-! \l-xV/ 

j.X + l^'X’ + lgX+l -f ®'/' (z))k (z)} 

By the usual arguments* we find for the mean values 


jF; S/(6)^(6) 

i-(OT) + C/'(e))K(e)’ 

ji, u’mxw 

i-(5/(9) + c/'(0))K(e)’ 


5-|siog{i-5n 


(3') iV' = -5'-|rSlog(l-Cn 

Here the parameters C and 0 ( = corresponding to the partial 

potentials and to the temperature, are determined by the unique position of 
the saddle-point of the integrand of C, given by the vanishing of its three 
partial differential coefficients. We have in addition 

N + p==x iP + F^x 

X' = 8Jf. 

• R. H. Fowler, “ Statistical Mechanics," chapters 5 and 21. 
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If P + P' denoting the number of molecules in the crystal is large, then 
from (2) and (2') 

( 4 ) (5/(0) + IT {%))K{%) == 1 ~o(i/(F+F)). 

We have defined k(0) so that /f(0) ~ 1 and therefore k( 0) ^ 1. It follows 
from the discussion of R. H. Fowler* that we may replace the expression (3) 
for N by 

(5) iv ^ ^ A £ (2/+l)e-»^<^ + ^^‘'*^ 


CO r n CO 

s -V s 

n - 1 i - 0, 2, 4, ... 


where m is the mass of a molecules of hydrogen and k is Boltzmann’s constant; 
since it follows from (4) that $ 1. Further, although in expression (S') 

is enormously greater than unity, it follows from (4) that ^'0*' is always 
less than unity ; so that the expansion of the logarithms in series, and the 
subsequent use of Fowler’s discussion, is valid in this case also. Hence, 


(6') N' — I' — £ 3 (2 j + 1) 

' ' ^ dl' „ 11 j - iX G,... ^ ^ ^ 

§ 2, The Composition of a Mixed Crystal of Ortho- and Para-hydrogen. 

We now let P* ~ sP, Then, from (2), (2'), and (4) 

lf(Q) - l/(^ + l)K (0); C7' (0) - sl(s + 1 )k (0); 

and from the relations of the last section 

s _ 3 = 1 (s^ - rP). 

JL 

When T is small we thus find, using (5) and (5') and negleciting trivial 
terms, that 

4 G{T) « 

(0) 8 •> + Y + X' K (T) (8 + 1)» K (T)»-in»'*’ 

where G {T) =-(2nmkTf''^ V/h?, the partition function for trauslatorj- 
motion in the gas. Using Newton’s method of successive approximations, 
we find that 

_ 1 (?(7’)/0-177 0-032 '' 

(7) 8 -.5 o „ V' f im\ I E- i'r\ v /'r\i "r •••! 




X + X' K(T)\K(r) ' K(Tf ' 

, / ^(r) 


iX + X<)K{T)l \K{T) 




which should be correct to about the nearest 0-02. 


* R. H. Fowler, loc. cif., pp. 635, 636. 
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Considering hydrogen at very low temperatures, we shall assume the result 
from the following section that N 4’ “ G (T)jK (T) nearly ; and thus we 

find, nearly. 


*^.^3 4-0-177 


N + N' 1 
X 4“ A" K (T) 


+ .... 


The value of the partition function for the crystal, K (T), may be obtained 
from thermal data. Thus for hydrogen at 17° K. it is approximately 1*23. 
As we condense hydrogen gas at constant temperature to the crystalline form, 
the crystal starts by being composed of the two sort^s of inohrcules roughly in 
the ratio of 3 4- 0»177/A' (T) to 1 ; and as the crystal builds up, the ratio 
approaclu'H 3:1. At 17^' K, for example, the ratio should at first be nearly 
3^ : 1 ; and if the experiment is performed at temperatures very near the 
absolute zero the ratio, when the crystal is small, may be as great as : 1. 
At higher temperatures, the ratio is always nearly 3 : 1. 

It sliould be observed that this effect is due simply to the Einstein-Bose 
statistics obeyed by the molecules. In another section we shall discuss 
possible variations in the constitution of mixed crystals of hydrogen caused 
quite differently. 


§ 3. The Chemical ConHiard of Hydrogen Vapour at Low Teniperatures. 

We use in this section the value s = 3; the reader can readily verify that 
even if we used the greatest value s ~ 31 arrived at in the preceding section, 
the changes in the following analysis would be trivial. From (5) and (6') it 
follows, with sufficient accuracy when T is small, that 


( 8 ) 


N iV' - 


0{T) ^ 1 4- 

K{T) 


For hydrogen at 17° K. (the mid-point of Eucken’s range at low temperatures*), 
we find that 


(9) 


N + 1-04 G(T)IK(T) 


nearly. The factor 1-04 was lost by Fowler when he used classical statistics. 

The chemical constant of a substance is defined as the constant i in the 
equation 

(10) logio P ^ ^ -I- logjo T 

+ M - C^} dT" + i. 

* Eucken, ^ Z. Phyaik,’ vol. 29, p, 1 (1924). 
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connecting the vapour pressure, p, of a crystalline substance with the absolute 
temperature, T ; the gas constant, R : the work required to evaporate one 
gi'am molecule at the absolute zero, Aq ; tlie (-onstant part of the specific 
heat per gram molecule of the gas at constant pressure ; the variable part, 

; and the specific, lieat at constant pressure of the solid phase, j>er 
gnun molecule. M It is usual to measure p in atmospheres 

(1 -Ol.'i X 10® dynes/cm.®). Experiments are usually conducted over a certain 
limited range of temperatures to determine Xj, and i ; and the experimenters 
{ejj.y Eucken) assume some value for (f/„)o which corresponds to the constant 
part of the specific heat of tlie gas for this range. thus depends upon 

the temperature range, and different values of the chemical constant i will 
result from the use of different values for {(7^)o* 

For hydrogen at low temperature^^ and (Cp)^ — 0. By 

comparing (0) with (10) in the fashion pursued by R. H. Fowler in a similar 
case,* we find for the chemical constant of hydrogen vapour at low temperatures 
the value 

i Ml. 

This is algebraically larger by 0*02 than the value obtained by the use of the 
classical statistics, and is in excellent agreement with Eucken’s experimental 
value 

i re. 1 -09 i: 0*02, 

§ 4. The Chemical Comtant of Hydrogen Vapour at Ordinary TemperaLurtH. 

At ordinary temperatures we may consider that (Op)o in (10) is equal to 
7/?/2, and that {i\)^ is again 0. At ordinary temperatures the ‘ rotational ” 
term in the specific heat of hydrogen has contributed practicarly its maximum 
value R to the specific heat, and vibrational terms are as yet unimportant. 
It is instructive and interesting to follow through by statistical mechanics 
the change from low to ordinary temperatures, when we employ equation (10) 
with these new values; and to calculate what the chemical constant of 
hydrogen vapour must then be. 

We can certainly use equation (10) at ordinary temperatures, provided that 
we use (( 7 p )0 ^ 6 fi /2 and our old value of i, but now it will be necessary to 
assign to (0^)^ its correct value equal to the rotational specific heat of hydrogen. 


♦ K. H. Fowler, lw\ ri/., pp. 144, 145. 
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Let fj be a temperature above which we may suppose the rotational specific 
heat to be R, and let T. Then the integral 


( 11 ) 



( V /, 

dT" \- logr-iogri + ^F - 



whm> we have set 



iir\ 


W e seek the quantity i' in the equation^ correct at ordinary temperatures, 
(12) log,„ p -' ^ 4- h l0K,„ T~M !''■ £'(C«.,) dT" I- r'. 


By inspection of equations (10). (11), and (12), it follows that Xq' ~ X^ - AE^, 
and that i’ == i -f- Mir, where 


r'^'i dV c’’" 

‘'“1 W-’l 


AEr 

RT^ 


It is obvious from physical considerations that this must be independent of 
Tj if Tj is sufficiently large. We may neglect the third term since this 
approaches zero as increases indefinitely. The first term is 





where N is Avogadro’s number and r(0) i.s the rotational partition function. 
But* 


(13) logr(0) = |log/'(e) + ilogne). 

We can therefore deduce, using (1), that the integrand of J is 

gir,(/ir*AiogB(r)-5sJv). 


* Fowler, loc. cii., p. 57. 
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It will now be observed that the integrals of the separate terms diverge at the 
lower limit so that they must not be separated. We consider therefore 

From (1) th(5 last term 

= Lim (I log 9 — 0 (exp — (hjkX )) 


~ I log 9. 

Since we may neglect the second term in J wliich approaches zero as 
increases, we have very nearly 

V = i logS- 

From (1) and (13) 


log = I log 11 S (2i + 1) 

2 1 - 1 , 3 ,:.,... 

H" I log 2 {2j + 1) — log Ti 

j “ 0 , 2 , 4 , ... 

3 , SkTj . , , kTi 
^ f log + i log 

very nearly. Therefore 


logl\ 


and 


log log - + i log 3 — log 2, 

JI € 

h = log - I log 3 — log 2. 


Taking log^j J 40* 311, the optical value, we find that 


Mv - 2-59. 

Eucken,*** from empirical data, obtains the value 2-595. This agreement is 
excellent, and is in fact a check on the specific heat theory for hydrogen at 
low and ordinary temperatures. Thus for our chemical constant of hydrogen 
vapour at ordinary t^^mperatures we obtain the value 

i* ^ ^ 3-70, 


in excellent agreement with Eucken's value ■—3-68 ±0-03. 


♦ Enoken, lac. cU, 
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§ 5. TJi^ Effects upon Equilibria of Possible Differences between the Moments 
of Inertia of Hydrogen Molecules in ike Oas and in Crysiah. 

Along with Mr. K. H. Fowler, wo have assumed in the above discussion that 
tlie molecules in the crystal possess the same rotational partition functions that 
they have in the gas. Now they can have the same partition functions only 
if they have the same energy levels ; and they can have the same energy levels 
only if they 6an rotate freely in the crystal, and also possess the same moment of 
inertia that they have in the gas. It is by no means obvious a priori that 
molecules in general are able to rotate in crystals. It appears from recent 
theoretical investigations* that in some crystals molecules cannot rotate at 
all, and in some can rotate in an irregular fashion corresponding to wave- 
functions intermediate between those for pure rotation and for pure oscilla¬ 
tion ; but that in hydrogen the molecules really can rotate quite freely, in all 
probability. In fact, the reasonable nature of the results obtained in Fowler’s 
investigations are themselves fairly good evidence for the ability of the 
molecules of hydrogen to rotate in the crystal. But even if the molecules 
rotate, it certainly seems likely that under the influence of the fields of the 
neighbouring molecules a molecule in the crystal of hydrogen will possess a 
somewhat different moment of inertia from that which it has when in the gas. 
Such a difference may be quite small,f but if it exists at all, its effects on 
equilibria may well be large enough for experimental investigation. 

We shall use the classical statistics, since the slight differences which would 
be introduced by the use of the correct Einstein-Bose statistics are no longer 
of interest to us, and the classical statistics are much simpler to handle. Using 
our old notation, with the difference that now F (6) and F' (6) refer to the 
molecules in the gas and/(0) and/' (0) to molecules in the crystal, the number 
of complexions in the assembly is 


(±y r rr dx dx' dz exp {xF (z) O (z) + x'F (z) G' (z)} 
\2my JJJ {1 — (xf (z) + x'f (;?)) k:( 2 :)} 


* Paulin^r. ' Phyn. Rev.,’ voL 36, p. 430 (1930). 

t Unfortunately, measurements of the Raman effect dt) not seem to have been per¬ 
formed npf)n eryatiilline hydrogen. But J. 0. McLennan and J. H. McLeod Nature,* 
vol. 123, p. 160 (1920)) find in the case of liquid hydrogen Raman wave^numbers 354 om.-^ 
and 5S8 cm.”' corresponding to the transitions j 2, andy --- 1 j =n: 3, respec¬ 

tively. These are to bo compared with the wave-numbers 347 cm.-^ and 678 oin.“^ 
respectively obtained from band s}>ecira, and indicate, possibly, a small diminution in the 
moment of inertia of a hydrogen molecule when it condenses from the gas into the liquid. 



and if we suppose as before that X' = 3A' then it follows that 


(U) 

( 16 ) 

and 

(16) 


3 



1 ^ {1 _ oxp [- 2 (e, - t,)lkT\} 


N' + N 


K(T)s + 1 


(1 + s exp [- 


ec)/-fcr]}. 


Suppose first that s, > e^. Then we see from (14) that when the crystal 
is just starting to form, so that the ratio N/X is nearly imity, para-hydrogen 
will predominate over ortho-hydrogen in the crystal in a greater ratio than 
S : 1. If, on the other hand, e, < e„ then when the crystal is just starting 
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for form the ratio will be smaller than 3 : 1. We could thus investigate experi¬ 
mentally whether or not a difference existed between the moments of inertia 
in the gas and in the crystal by starting with ordinary hydrogen and cooling 
it by passing it intn a tube cooled with solid hydrogen ; stopping the process 
before much of the ordinary hydrogen had solidified. A determination of the 
ratios of the two sorts of hydrogen in the crystals would then, when we used 
equation (14), furnish us with information about the moments of inertia. 
This experiment would be an interesting one to perform. As tlie hydrogen 
continues to solidify, of course the ratio in the crystal approaches 3:1. The 
lower the temperature, the great<^r should the ratio deviate, as the crystal 
just starts to form, from 3 :1, if 

If we are interested in tike proportions of the two sorts of hydrogen in the 
gas, we can use equation (15). Equation (Ifi) (mables us to investigate the effect 
of changes in the moment of inertia upon the chemiical constant of hydrogen 
vapour. 

§ 0. The Entropy of the Different Sorts of Hydrogen Crystals at the Absolute 

Zero of Temperature. 

In modern statistical mechanics the entropy of a sysUm appears* as the 
quantity S ^ k log C, where C is the total number of permissible linearly 
independent wave-functions which can represent the assembly. By “ per¬ 
missible wo mean simply that they are to have the proper symmetry pro¬ 
perties. Thus for an assembly of hydrogen molecules each wave-function, 
as we have mentioned in a previous section, must be symmetric in all of the 
molecules. As a function of the state of the assembly, satisfying the equation 
(IQ z=z T dSt where dQ is the thermal energy added to the assembly, the solution 
S is of course not unique ; but the convention has been made of taking the 
additive constant to be zero. 

Consider a gram molecule of para-hydrogen in the crystalline form at the 
absolute zero. We may neglect the normal modes of vibration of the crystal, 
as far as the number of wave-functions is concerned at the absolute zero. 
Each molecule of the crystal, being in the zero'th rotational state, is 
capable of representation by just a single wave-function. Thus there 
is only one wave-function for the entire crystal in this state of minimum energy. 
The entropy of crystalline para-hydrogen at the absolute zero per gram mole¬ 
cule is accordingly, 

(17) *S^-Jfclogl==.0. 

* KowJer, Statistical Mechanics,” pp. 5S3, 534. 
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Consider next a crystal composed of a gram molecule of ortho-hydrogen at 
the absolute zero* Each molecule is now in the first rotational state and is 
capable of being represented by any one of nine wave-functions, corresponding 
to three possible eigenvalues of the z component of nuclear rotational angular 
momentum and to three possible eigenvalues of the z component of resultant 
nuclear spin angular momentum. The number of permissible linearly inde¬ 
pendent wave-functions is now simply 9^ where N is Avogadro’s number. 
Hence for this crystal 

(18) Sq = log 9 = E log 9. 

Finally, consider a crystal of ordinary hydrogen at the absolute zero, com¬ 
posed of N /4 molecules of para-hydrogen and /4 molecules of ortho-hydrogen. 
The number of wave-functions is now 

C — 93^/4 _ ^ ! _ 

" ' (3iV/4)! (iV/4)! 

and by the use of Stirling’s asymptotic formula for factorials we find, neglecting 
absolutely trivial terms, that 

(19) ^?„ = A;logC 

=== f R log 3 -f i? log 4. 

The values (17) and (19) are in complete agreement with the results of D. 
MacGillavry,* who finds, using a thermodynamic argument, that the difference 
between the entropies of a gram molecule of ordinary hydrogen and a gram 
molecule of para-hydrogen at the absolute zero is the value given in equation 
(19), The method used in this paper, however, is a simpler method than 
MacGillavry’s of establishing this result.! 

The writer wishes to thank Mr. R. H. Fowler for his criticisms and for his 
encouragement. 

♦ I>. MacGillavry, ‘ Phys. Rev./ vol. 36. p. 1398 (1930). 

t MaoOillavry shows by thermodynamic arguments that this difference between the 
entropies at the absolute zero of para-hydrogen and ordinary hydrogen is equivalent to the 
assumption that at high temperatures, when transitions between para- and ortho-states 
can occur freely, the state and in particular the entropy of hydrogen gas is the same as it 
would be, at the same temperature, if such transitions could not occur. 
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7%e Smitering of Slov) Alpha Pa7'ticles hy Helium. 

By P. M. S. Blackett, M.A., and F, C. Champion, B.A., Hutchinson Research 
Student, St. John’s College, Cambridge. 

(Oomimmicatod })y Sir Ernest Rutherford, P.R.S.—Received November 3, 1930.) 

[Plate 6.] 

L Gordon**' has proved that the scattering of particles by an inverse square 
field is the same on the wave mechanics as on the classical theory. Mottf has 
however shown, from consideration of the symmetry of the wave functions, 
that the scattering is quite different from the classical when tlie scattering and 
scattered particles are identical. The scattering of alpha particles by helium 
is typical of the case of the collision of identical particles that have no spin 
and obey the Einstein-Bose statistics. For this case, the expression given 
by Mott for the number of alpha particles scattered between angles 6, and 
6 + dO, in going a distance dr in a gas containing n atoms per unit volume, is 

N d6 dr = {cosec^ 6 + sec* 6 + 2 cosec® 6 sec® 6 cos u} dO dr, (1) 

where 

« = ; log cot 0, (2) 

and No is the total number of incident particles, v, m and e, their initial velocity, 
mass and charge and c the velocity of light. 

On classical mechanics the number of alpha particles scattered through the 
angle 6 is given by the first term in the bracket, while the number of helium 
atoms projected at this angle is given by the second term. The last term, 
which arises from the interference in co-ordinate space of the waves repre¬ 
senting these two streams of particles, is an oscillating function of 6 and v, 
and so gives rise to an interference pattern which varies in scale with the 
^'elocity. The intensity of the scattering at 6 ^ 45® is double the classical 
for all values of the velocity. The oscillations of intensity with varying 0 
are more marked and closer together, the lower the velocity. In fig. 1, curves 
(a), {b) and (c), is shown the variation of scattered intensity with 6 for velocities 
of 10®, 2 X 10® and 8 X 10® cm, per second, corresponding to ranges in air at 

♦ Cordon, ‘ Z. Pbyaik,* vol. 48, p. 180 (1928). 
t Mott, * Proo. Koy. Soc.,’ vol. 126, p. 269 (1930). 
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N.T.P, of 0*4,1 *0 and 7*7 mm. The dotted line shows the classical intensity. 
In the first case there are three minima, in the next, one, and in the last, none. 



The relative amplitude of the oscillations decreases rapidly as 0 is reduced. 
It is interesting to note that for small velocities the angular width of these 
fringes is given approximately by 0 = X/d, where X is the De Broglie wave¬ 
length of the alpha particle witli its initial velocity, and d is half the closest 
distance of approach. The angular width of the fringes is therefore just that 
of the pattern due to the diffraction of a wave of wave-length X by an aperture 
or screen of dimensions d. As the velocity is reduced X increases as l/v but 
d increases as 1/v^ leading to the contraction in the width of the fringes. 

Mott’s theory has been tested by Chadwick’^ using the scintillation method. 
The number of alpha particles scattered by helium atoms at an average angle 
of 46® were determined as a function of their velocity. The earlier work of 
Rutherfordf and Chadwick had shown that the scattering of fast particles at 
45® was greatly in excess of the classical value. This was attributed to the 
structure of the particles; that is the assumption was made that the forces 

* Obadwiok, * Proc. Roy. Soo./ A, vol. 128, p, 114 (1930), 
t Rutherford and Chadwick, * Phil. Mag.,’ vol. 4, p. 006 (1927). 
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between them when at the small distances reached in a fast eoUisiony were xu) 
longer those of the inverse square. This law of force must, however, be valid 
at sufficiently large distances. Thus, as the velocity of the particles is reduced, 
the ratio of the observed scattering to that calculated classically for the law 
of the invej'se square should tend to unity, while according to Mott's theory it 
should tend to 2. Chadwick in fact found that this ratio did approach the 
value 2 at the lowest velocity (8-5 X 10* cm. per second) used. Slower particles 
could not be utilised owing to the difficulty of counting the scintillations. 

The calculation of the absolute magnitude of the scattered intensity was 
made by comparison with the scattering by argon, which was assumed, on 
the basis of some earlier measurements of Rutherford and Chadwick, to scatter 
classically. By using a Wilson chamber the scattering can, however, be 
followed down to a velocity of 10® cm. per second, corresponding to a range of 
I mm. in air at N.T.P., that is to velocities eight smaller than is possible with 
the scintillation method. At such low velocities the maxima and minima 
predicted by Mott's theory are very marked, so that a very definite test of 
the theory is possible. The further advantage that the absolute values of the 
scattered intensity can be directly determined is offset by the large chance 
variation of the intensity due to the small number of measured collisions. 
For these slow particles the closest distance of approach is so large that there 
is no possibility of any deviation from the inverse square law complicating the 
scattering. The actual apsidal distance for a particle of | mm. range which 
makes a 40^^ collision in about 5 X cm. 

2. The ExpenmefUal Method. 

Photographs of about 60,000 alpha rays from polonium were made using an 
automatic Wilson chamber,* containing a mixture of helium and oxygen, 
and measurements were made of the forks due to the collision of alpha particles 
with helium atoms. From these measurements were calculated the lengths R^ 
and R^ of the two arms of the fork and the angles 0 and (f> between them and 
the stem of the track. For an elastic collision between two identical particlas 
6 -f 7^/2, and 

— tan 6, (3) 

where >0$ and are the velocities of the two particles after the collision. The 
test of the first relation, together with that for the coplanarity of the fork, 
serves to identify a collision as an elastic one with a helium atom. But when 

* ‘ Proc. Roy. Soc./ A, vol. 123, p.dl3 (1920). 
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one arm is very ghorti its direction cannot be determined with sufficient 
accuracy to make this test feasible. In this case tise was made of the known 
relation between the range and velocity of the particles (see below) to calculate 
v^jv^ &om the ranges, and to compare it with the ratio as calculated from the 
observed value of 6. This method allows collisions with helium atoms to be 
distinguished from those with oxygen atoms, even when ^ is not measurable. 
In every case the initial velocity of the particle is deduced from the relation 
z=; u#® + and the corresponding “ initial ” range R determined. 

Since the two particles colliding are identical, it is in principle impossible to 
determine whether the collision corresponds to a deflection of 0 or If the 
convention is adopted of ca.lling the smaller of the two angles 6, then no values 
of 0 greater than 45° occur. The result of the measurements is the pair 
of values of 0 and R for each of the measured helium collisions. The values of 
the latter are all reduced to the equivalent ranges in air at 15° C. and 760 mm. 
Since collisions of sufficiently small angle are not observable, it is necessary 
to have a criterion to govern the decision to measure a fork. The one adopted 
is that all forks are counted if the length of the shorter arm is equal or greater 
than some definite value ; actually the criterion used was R^ > 0*20 mm. in 
air at N.T.P. Further no tracks were counted for which the initial range R, 
was less than 0*5 mm. or greater than 8*0 mm. 

To calculate the expected number of scattered particles, it is necessary to 
know accurately how the velocity of a particle varies along the last few milli¬ 
metres of its track. This can be determined up to about 4 mm. from the end 
by using Briggs’ results for air,* corrected for the change of relative stopping 
power of the helium-oxygen mixture relative with air. The data for this are 
available from the measurements of Gurneyf and Bates. J To extend the curve 
up to the extreme end of the track, use is made of a method described in a former 
paper.§ Measurements of 0, and R^ arc made for a fork for which R^, > 
4 mm. and < 4 mm, (photographs Nos. 3 and 4). From the value of 
the velo<nty is obtained using the known relation between the two quantities, 
and then is calculated from (3), thus giving, with the observed value of R^, 
A new point on the range velocity curve. By this means an accurate deter¬ 
mination of the range velocity relation right up to the end of the range has 
been made. From these new results, which will shortly be described in detail, 

♦ Briggs, * Proc. Roy. Sw..,’ A, vol. 114, p. 341 (1927). 
t Gurney, ‘ Proc, Roy, Soc./ A, vol. 107, p. 340 (1926). 

X Bates, ‘ Proc. Roy, Soc.,* A, vol. 106, p. 622 (1924), 
i Blackett, * Proc. Roy. Soo.,’ A, vol. 103, p. 62 (1923). 
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the following table gives the results relevant to the present discussion. The 
probable error of these velocity determinations is a few per cent. 


Table I. 


Range in air at 760 mm., 15* C. in i 

! 

1 


1 1 


! ’ 

1 


millimetres . 

0*6 

1-0 

2 0 

I .3*0 ■ 

4-0 j 

0-0 

8-0 

10 0 

Velocity in centimetres per second i 
X 10-» . 1 

1-20 

1 

2 00 

i ... 

3-30 

1_ 

4*35 

i 6-36 

6-90 

8-20 

9*25 


3. The Results. 

For each of the 428 measured forks found among the 56,820 photograx^hed 
tracks, a dot, corresponding to the observed values of 0 and R, was plac(?d on 
a diagram with these quantities as co-ordinates (fig. 2). The density of dots 
is then a measure of the scattered intensity.* 



* Note ..—Tho diagram should contain a dot for all those and only those forks which 
satisfy the conditions, 0-5<R<8 tnm.i R4»>0*2 mm. It will, however, be noticed 
that some dots fall l>©low the lino R^ ^ 0*2 mm. This is due to the fact that though the 
criterion that R^ > 0 • 2 mm. was used to decide whether a fork should be counted, the 
actual dot was plotted at the measured value of 6 and R, If the measurement of the 
throe quantities 0, R and R^ were exact, a fork for which > 0*2, would, when plotted 
as the point (0, R), lie above the line R^ = 0*2 mm. But as the measurementa are not 
exact some of such points will he below the lino. It is legitimate to count these pmnts as 
belonging to the nearest cells above the line, and these dots have in fact been included in 
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It i8 immediately evident that the observed distribution is incompatible 
with classical scattering, which predicts a steady decrease in the number of 
collisions with increasing G. On the other hand the distribution is seen at once 
to be in complete qualitative agreement with Mott’s theory, which predicts a 
maximum of double the classical for 6 = 46'’, and a minimum along the line 
(shown dotted), defined by w— tc, that is, cos 1. As R increases from | mm, 

the deep minimum of nearly zero intensity at about 0 =: 40'', moves to smaller 
values of G, and becomes shallower. The obvious general agreement of the 
experimental results with the theory is very striking. The second minimum 
cannot be observed as it exists only for ranges leas than 1 mm. and also lies 
very close to tin? limit of ol)H(.Tvation given by the line — 0‘2 mm. The 
apparent slight minimum about the point R - 1*2, 0 = 20'’ is probably to 
be attril)uted to chance variations. 

A quantitative comparison with the theory is obtained by dividing the 
diagram into cells and ('omparing the observed and (*al(Hjlated numbers of 
dots in each cell. 

The boundaries of tlie cells were chosen in the following way. The range of 
R from 0-5 to 8-0 mm. was divided more or less arbitrarily by the ordinates 
at 1 ‘ 5 and 3 • 0 mm., to give suitably sized cells, containing a convenient number 
of dots. The limits were thus 0-5, 1 -5, 3-0 and 8-0 mm. The limiting values 
of 6 were determined by putting coa u 0, that is, the horizontal divisions 
between the cells were chosen as the lines along which the quantum theory 
scattering is equal to the classical. These lines are shown full on the diagram. 
Between 0 = 45'’ and the line given by w = 7zj% the theoretical intensity is 
everywhere greater than the classical, since here cos u is positive ; between the 
latter line and that given by m = 37t/2, it is everywhere less, since here cos u 
is negative; between the last and the line defined by 0*2 mm. which 
marks the adopted lower limit of the diagram, it is partly greater, and partly 
smaller, but the calculated iiitensity variations are too small to be detected 
with so few observations. 

The expected number in any cell is 

N, = |jN(G,p)(iOrfr. 

with the integration limits given by the cqU boundary. 

the numbers given in Table II. It would be certainly theoretically preferable to use 
instead the oriterion that the point corresponding to the measured values of 6 and R should 
lie above the curve 0 *2 mm. Though the former criterion was adopted owing to its 
greater eonvenienoe, the experience of this work has emphasised the advantage of the 
latter (see ecmolusion of section 3), 


2 0 2 
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This gives 
where 


and 


Ki - teNoHof* 


//; I _ 1 [cosco^ 0 4- 6 4* ^ eoscc^ 0 sec^ G cos u] db, 

Jii, V* 


where as before 


u ^ 


44 log cot 0. 


( 4 ) 

( 5 ) 

( 6 ) 

( 7 ) 


In these equations is the number of molecules in 1 c.c. at 760 mm. 15® C., 
R is the range in air under the same conditions, V X 10^, and/ — fraction 
of helium in gas mixture, p = final pressure in chamber in atmospheres, L — 
length of tracks in chamber, R^ == range of alpha particles from polonium in 
air at 760 mm. 15® C. 

Using the accepted values of e and m for the alpha particle, ami of and 
the following quantities determined experimentally, = number of tracks 
= 56,820,/:=- 0-66, L =: 10-0 cm., R^ = 3-87 cm., p -- 0*80, T 15® G., we 
get 

= 3500 

Ka-l-Si, 

so that 

N, -- 4700 


iVfirfr.—The numlw>r of helium molecules in 1 c.o. of the gas in tlie chamber is n ~ SplL^n^p^, 
and the equivalent range dR in air at N.T.P. is dR - R^r/L, so that fidr 


The integrations to give w have to be carried out graphically, using in the 
integration with respfjct to R the experimental relation between v and R given 
in Table I. The limits 6j and G^, both of which, in general, depend on R, are 
taken from the cell botmdaries in the diagram. The numbers expected 
on the classical theory were calculated by putting cos « — 0 in (7). In 
this case the first integral is obtained directly. The final results are shown 
in fig. 3, which is a diagrammatic representation of the cells. The observed 
numbers are shown in block figures, the calculated numbers on the quantum 
theory in small figures, and the calculated classical numbers in brackets. 

Neglecting for the moment the lower three cells, excellent agreement is 
found between the observed numbers and those calculated on the quantum 
theory. The actual observed numbers will, of course, be liable to chance 
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variations. If N,. is the observed number of dots in the Hh cell of a set of n 
cells and if is the mean number, over a largo number of experiments, then 
tlie mean value of the quantity 


n -*1 ' 


taken over a large number of experiments, is unity. 

If in this expression N,. is given the calculated tb(ion^tical value for each 
(!ell, a value of F in the neighbourhood of unity will indicate a distribution 
quite consistent with the calculated average. For the upper six cells, F has 
the value 1*04 when the average values predicted by the quan4;um theory are 
used and a value 15*3 for the classical figures. The observed distribution is 
therefore a probable one if the quantum theory of the scattering is correct, but 
a most improbable one if the classical theory is right. 

If the lower boundary of the lowest row of cells is taken as the liru^ = ()»2 
mm., the numbers expected on the quantum and classical theories are nearly 
the same, but over double the observed numbers. The numbers for the three 
lower cells are :— 

Table II. 


N obtfKirved 

N, . 

Nc . 


.i 161 

70 

73 


mi 

160 

162 


347 

100 

102 



It is very improbable that this is to be taken as indicating a real reduction in 
scattering below that calculated, as the effect of the electronic screening only 
enters at much smaller angles. It is probably to be attributed to the un¬ 
expected and disappointing failure to count more than a fraction of the forks 
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lyiag just above the criterion line. It is possible that a large number of such 
small angle collisions with helium atoms were wrongly attributed to collisions 
with oxygen atom and so were not counted. It must be remembered that the 
limiting spur length of 0*2 mm. is only about double the breadth of the tracks 
so that exact length measurements are difficult, and that it is through the 
length measurements that the possibility of distinguishing between small angle 
helium and oxygen collisions depends. The'procedure adopted was to raise 
arbitrarily the lower limit of the lower right-hand two cells from the line 
— 0 • 2 to the line := 0 • 3 and the lower Urn it of the left-h and lower call to 
the line joining the points R = 0*5, 0 = 25^ to R ^ 1 • 5, 0 ] 5"^. The calcu¬ 

lated and observed numbers for the reduced cells so formed are given on the 
diagram. The agreement with the left-lmnd cell is good, but the discrepancy 
for the others still marked, so that it must be assumed that many collisions 
above this new line were still being missed. 

Taking the nine cells as a whole the agreement obtained with Mott’s theory 
is very satisfactory. Since the scattered intensity is approximate!}^ proportional 
to 1/v^, the numerical agreement obtained gives strong confirmation of the 
accuracy of the velocity determination results given in Table 1. 

Summary- 

A Wilson chamber was used to investigate the sc^attering of slow alpha 
partichis in helium. The results are in excellent agreement with Mott’s theory. 

We are indebted to the Department of Scientific and Industrial Research 
for a grant to one of us (F. C. C.) and for a grant to meet some of the cost 
of the apparatus. 

Description of Photographs, 


No .j 

1 

' 

2 


4 ■ 


(> 


« 

0 

10 

n 

12 

r ...i 

35 

40 


13 

44 

42 

40 

42 

32 

20 

1 

21 

30 

K, mm! 

14 ! 

fiT' 

i 7.2 

1 

j 5*7 ' 

1 0*7 1 
1 1 

1-2 

1-4 ! 

j 2-0 

4 0 

i 1-7 

1-4 

1 1*5 


The ranges are in millimetres of air at N.T.P. 

Only one of the two photographs of each track i» reproduced All the photographs 
reproduced are of tracks whose planes are roughly at right angles to the axis of the camera, 
so that the apparent angles do not differ very much from the real angles. 

It will be noticed that the ends of many of the tracks Nos. 10 and 11) are sharply 
curved, so that an exact determination of the angles becomes difficult. The origin of this 
curvature is under investigation. 
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On the Force Required to Stop a Moving Electrified Sphere, —IL 

By G. F. C. Searle, 8c.D., F.R.S., University Lecturer in Experimental 

Physics, Cambridge. 

(Received June 18, 1930.) 

§ 1. IniTodiiction ,— Let an electrified sphere be in uniform rectilinear motion 
with velocity h?ss than the velocity of light, up to th<' time t 0. At 
t ^ 0 let the sphere be suddenly stopped and then be held at rest.* In conse¬ 
quence of the stopping, each element di) of charge gives rist* to a spherical 
electro-magnetic wave centered at dQ and of radius vt at time /. Tliis wave 
a(^ts on all the elements of the charge whudi it meets at time f ; since the 
ele<‘tric force in the wave has a forward component in the direction of w, the 
sphere experiences a resultant force urging it forward. This force must be 
resisted by an equal force F applied in the opposite direction, if the sphere 
is to remain at rest. No waves cut the sphere after a. time 2a jv, where a is 
the radius of the sphere, and hence the force vanishes when t > 2ajv. 

The valiH^ of F for the special case when w v was given in these 
* Proceedings ’f 1^07 for a sphere with a surface (‘harge and for a sphere 
with a v'olurne charge. The value of P for tlu» general case wlum u < v is 
obtained in the present paper for a sphere with a surfact* cliarge. 

§ 2. IPu'Cc due to Stopjring a Point-charge ,—If a point-e,harge q which moves 
along 0;r, the axis of x, have its velocity suddenly changed from u to zero at 0 
at time / -- 0, the electro-magnetic field outside the spherical wave of radius 
vt centred at 0 is the same as if <j had continued to move witli velocity u. 
The electric force in this field is radial to the point A on Ox which q would have 
reached at time f, if it had not been stopped ; thus OA ~ uL Though the 
electric force E is radial to A, its value depends upon the angle {i between the 
radius from A and A^r, We havoj 

KR*( sin* 

♦ It may Iw stated, in response to a suggestion hy a refoiw, that the exact conditions 
assumed in the problem am not capable of realisation. The sphei'e on which the charge 
is spread is ideal; it has no mass, it is rigid and it floes not affect the electric field. The 
agent supplying the stopping force is such that it does not affect the electrical conditions.— 
September 29, 1980. 

t * Proc. Roy. Soc./ A, vol. 79, p. m (1907), 

X Heaviside, *‘The Electrician, " December 7, 1888, or “ Electrical Papers,’’ vol, 2, 
p. 511. 



390 


G. C. Searle* 


where R is the distance from q. 



and K is the dielectric constant. The magnetic 
force is in circles about Ox as axis. Inside 
the wave the field is the same as if 9 had 
always been at rest at 0. This field is the 
ordinary electrostatic field and the electric 
force is radial to 0 . 

The flux'of electric displacement outwards 
from the convex surface of the spherical cap 
formed by the revolution of the arc PCP^ 
(fig. 1 ) about Ox is* 


q (n + v) (1 — cos y) 

2 (v — u cos y) 

where POC — COP' = y . The flux into the concave surface of the cap from 
q at 0 is (1 — cosy). Hence the outward flux from the convex surface 
exceeds that into the concave surface by qu 8 in*y /2 (v — u cosy). 

Since there is no charge on the cap, the difference must be balanced by a 
flux into PLP', the edge of the cap. This flux of electric displacement is in 
the wave and along great circles whose planes contain Ox and is accompanied 
by magnetic force in small circles having C for pole. If the flux of displace¬ 
ment per unit length of the edge of the cap be J, the flux into the cap by its 
edge is J . 27rr sin y, where r = vL Equating this to the excess of the outward 
over the inward flux, we findf 

J sin yjirzr ( 1 ; — u cos y). (2) 


If, instead of a point-charge, we have an elementary charge dQ, of thickness 
p measured parallel to OP, the tangential flux of displacement in the wave 
near P will be spread over a thickness p. If the electric force in the wave at 
P be dE, we have KdE/ 47 r = J/p. If dE^ be the component of dE in the direc¬ 
tion Ox, rfEj. = dE sin y, and hence 

„ "iy’ x, . B. 13) 

Kr (v — « cos y) p 

This component is in the forward direction for all values of y. 

§ 3. Force required to stop a sphere of radim a with a Surface-charge Q.— 


♦ Searle, ^ Phil. Mag.,’ vol 13, p. 121 (1907). 

t Bearle, ‘ Phil. Mag.,’ vol, 13, p. 121 (1907). This expression was first given by Heavi¬ 
side, ‘The Electrician,’ October 11, 1901. See also Electro-magnetic Theory,” vol. 3, 
p. 127. 
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Let 0 (fig. 2) be the centre of the charged sphere after it has been brought* 
to rest, Ox the direction of the original 
velocity u. Let P be a point on the surface 
of the sphere and let POx = 6. About P as 
centre describe two spheres of radii r and 
r + dr cutting the sphere in circles through S 
and S', LetSPO=:=^, STO = ^ + df Let 
N be a point on the band defined by these 
circles and let the plane NPO make angle ^ 
with the plane POx. Since r 2a cos 
dr — 2a sin d<f>. The angle which S'S 
subtends at 0 is double the angle it subtends at P and hence SS' ~ — 2ad<f>. 
If the charge on that element of the band which is defined by the planes ^ 
and be dQ, 

dQ ^ <T (— 2ad^) r sin ^ d^. 

For the thickness, p, of the element measured parallel to NP or r we have 

p ^ dr ’—2a sin ij> d<f>. 

The surface density a is given by cr = Qjina^, and thus 

p 4rra2 ’ ^ ^ 



If dEg. be the component parallel to Ox of the electric force at P due to the 
wave arising from dQ at N, we have, by (3) and (4), 


dE*^ 


Qu sin^ Y , d^ 
47 cKa^ {v — ?i cos y)’ 


(5) 


Of the whole surface of the sphere it is only the band defined by r, where r = vt, 
which acts upon P by waves at time t, and hence we obtain the whole value of 
Ejp at P due to waves by integrating (5) with respect to from 0 to 27t. 

Now r cos Y is the projection of NP {not PN) upon Ox and thus 

cos Y — cos 6 cos ^ + siu 0 sin <f> cos (6) 

When w V, u sin® y/(^ — « cos y) == 1 + cos y- In this case 

E_ = —2— 1 (1 + cos 0 cos <f> sin 6 sin <f> cos i}*) 

47rKo® Jo 
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The resultant force on the sphere due to waves is F, where, in this special 
case, 

F = f 2mi^ sin 0 dO ~ f (1 + cos 6 cos sin 6d0 — ~-z- (7) 

J 0 4u(i* 4jLor J 0 Z}\xt 

The force is therefore constant for the whole time 2a/v of its duration. This 
result was found in 1907* by the same metjiod. 

We now return to the general case when u < We find by (5) and (6) 

Q 


E. 


. 1 , 


where 


and 


47rKa* sin 6 sin (f> 

J p*" A — B cos — C cos^ ^ 

Jo B — cos i * 


( 8 ) 

(9) 


A 1 --■ cos® 0 cos® B ~ 2 cos 0 cos <f> sin 6 sin <^, C — sin* 8 sin* 
I) u 008 8 cos (f>)l(u sin G sin (f>). 

We easily find 

D® — 1 ~ {/i® + 8in® 0 sin® <j>)y 


where 


and thus D® > 1, Hence 


h V cos <f) — n cos 6, 


T- 

Jo D 


d<]^ 


27t 


Further, 


Now 


cos 4- (D^ - l)‘/2’ 

A - BD - CD* -- - 0>* - «*)/?/*. 


( 10 ) 

( 11 ) 

( 12 ) 

(13) 


A — B cos 4^ — C cos* 4' ~ (A — BD ~ CD*) 

-j- (B -f- 2CD) (D - cos 4/) - C (D - cos 4^)*, 


and thus we have 
where 


1 - 1 , 


I.. 


(U) 


Ij =: {B -f 2CD ~ C (D - cos 4/)} d^, 
Jo 


I 


J _ _ (A - BD - CD*) 




Jo D -- cos 4* 


Using the values of B, C, D, we have 

Ij — 2?: (B + CD) = 27t sin 0 sin ^ (cos 0 cos <f> 4- v/«). 
• Searle, ‘ Proc. Eoy. Soe.,’ A, vol. 79, p. 690 (1907). 


( 15 ; 
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By (10), (11), (12) and (13), 

I, 


_ 27r {i^ — sin 6 sin ^ 
‘ ^ M {A* + {V* - «*) sin* 


Hence, by (8), (15) and (16), 


E. 


Q 

2KoS 


C03 0 COS ^ - — 


V® — M* 


M M {A® + (w* - M*) sin® 
If P be the resultant force on the sphere due to the waves, 


F 


where 


r 


4TCfl^ 


27ia^ sin 6 db 


( 

iKa-* t 


M 




N). 


M 

N 


^ j (cos 0 cos 4- sin 0 rfO ” 2'tj/w, 
Jo 

p wsinOdB 


(16) 


(17) 


By (11), u sin 6 rf6 = dh. When 0 0, h = cos <f> — ?/, and, when G ~ tr, 

A u cos iff + u. Thus 


+ + (r^ — sin^ <f>} I ^ ^ 


Hence 


== log 


V -f- V 


F 


J3L (!1 loLT 1L±JH 

2K/i® \u 2?/** ^ c — v) 


(18) 


This force is constant for the whole time 2ajv of its duration. The force 
does not exist when t > 2a/v, because then no waves cut the sphere. 

The 5r-component of the electric force at P due to wmH'di is given by (18), 
The clement of charge at P is also acted on by the charges on the sphere whose 
distances from P are less than vt, as well as by those whose distances are greater 
than The elements within the distance vt act on the element at P according 
to the ordinary electrostatic law, and the clement at P acts on them in the same 
manner. The elements outside the distance vt act on the element at P in 
the same way as if they had continued to move with the velocity w. By (1), 
the electric force due to a moving charge is unchanged if we put tt -f (3 for p, 
and hence the actions between the element at P and the elements outside the 
distance vt are in equilibrium. Thus the actions between the element at P 
and those elements whose distances from P are less than vt and also the actions 
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between the element at P and those elements whose distances from P are 
greater than vi may be left out of account when we estimate the force experi¬ 
enced by the whole sphere. 

At the point P there is at time t magnetic induction due to the waves and also 
due to those elements whose distances from P are greater than v?. But the 
charge at P is at rest and hence the magnetic induction gives rise to no 
mechanical force. 

The force required to stop the sphere is therefore given by (7) for the special 
case when « — v, and by (18) for the general case when u < v, 

§ 4. Paul Hertz's Method .—The value of F given by (18) was found* in 1907 
by a different method depending upon a knowledge of the energy W' and the 
momentumf P' carried off to infinity in the compound wave formed when the 
sphere is stopped at 0 for a time t and is then re-started with velocity 
w in the original direction. It was shown that 



The method employed was an extension of that by which Dr. Paul HertzJ 
found the driving force Fj required at time t when a charged sphere is set into 
motion with uniform velocity u at time i 0. He showed that 


u di ' 


where Wj is the energy carried off to infinity by the compound wave formed 
when the sphere is started with velocity w at < = 0 and at time l is suddenly 
stopped. From «o to ^ 2a/(v + ^)> Fi ta-s the value given by (18). 

From t = 2a/(t? + w) to f ~ 2a/{t' — w), F^ is a complicated function of i. 
When t > “ u), Fj ~ 0. 


* Searie, ' Proc. Koy. Soc,/ A, vol. 79, p. 556 (1907). 

t The momentum per unit volume is (fji.K/4it)VaH, where Vkh is the vector product of 
the electric and magnetic forces. 
t See Searle, ‘ Proo. Roy, Soc,/ A, vol. 79, p. 661 (1907). 
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Interferometric Measurements in the Arc Spectrum of Iron. 

By C. V. Jackson, Imperial College of Science and Technology. 

(Communicated by A. Fowler, F.H.8.—Received. November 14, 1930.) 

IiUroductmi, 

At the 1928 Meeting of the International Astronomical Union at Leiden, it 
was recommended that the present system of iron secondary standards be 
extended fuither into the ultra-violet, since there are no modern measurements 
ext^uiding below about X 3300. A list of wave-lengths computed from the 
standards adopted in 1928 in the less refrangible parts of the spectrum was 
given, which indicated that all the older measurements in this part of the 
spectrum were considerably in error, being over one part in one million too 
great. Accordingly I dt'cided to measure a set of lines in the region X 2300 to 
X 3KKI by means of the usual interferometer method. It was found that the 
measures agreed very well with the computed I.A.U. wave-lengths, the 
systematic difEerence being practically nil, while the mean accidental difference 
was less than 0*001 A. 

The wave-lengths also agreed very well with those determined recently 
by Bums in the vacuum iron arc spectrum ; indeed, almost as well as they did 
with the I.A.U. computed values, although my values showed a very small 
(J — B - + 0*^ systematic difference from Burns. The difference 

can be attributed to a pressure shift since? it is about the amount to be expected 
for stable lines in this region, but it is too snmll to have any very great signifi¬ 
cance. The agreement with Burns's 1930 revision of his 1913 interpolated 
measures was also fairly satisfactory, particularly from the absence of systematic 
difference, although the accidental differences were rather great<?r. There is 
however, considerable disagreement with all the old interpolated measurements 
which are based on Buiseon and Fabry's standards and also with Buisson and 
Fabry's measurements. 

At the same meeting of the International Astronomical Union, it was also 
decided to make a radical change in the values of the iron lines adopted in 
1926, all wave-lengths from X 3370 to X 5606 being reduced by about one part 
in 2 million. This is particularly impressive on account of the excellent 
agreement of the older determination among themselves, but seems to be fully 
justified. However, a few iron lines in the region X 4000 to X 4400 were 
measured and found to be in almost perfect agreement with the values adopted 
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by the I.A.U, in 1928, indicating that my apparatus is apparently free from the 
cause which brought about the systematic errors in the work of the earlier 
observers. 

In addition to the iron lines, a few lines were measured in the ultra-violet 
part of the mercury spectrum. 

Experimental. 

The wave-lengths wore measured by means of the Fabry and Perot inter¬ 
ferometer, the fixed or ^talon type being used. Four separating rings of fused 
silica of thicknesses IJ. 2|, 5 and 10 mm. were used. The measurements 
obtained with the and mm. ^talons were made primarily for finding the 
phase correction, but it was found that the measurements made with the 2^ mm. 
^talon gave a useful check on the values found with larger ^talons, and they 
were included in the means, being given half weight. 

In photographing the interference rings, exposures were usually made in 
the order (Cd or Ne) — (Fe) (Cd or Ne) in order to detect any change in 
the optical thickness of the 6talon during exposure. 

Now it is not possible to photograph the red standard and an iron line at. 
say, X 2600 on the same setting of a spectrograph which gives sufficiently great 
dispersion and takes a plate of reasonable size. It was therefore essential to 
be able to set the spectrograph for the red and then for the ultra-violet and 
again for the red by scale sufficiently accurately to avoid the necessity of 
making focus plates. A Hilger E(l) spectrograph was chosen and was found 
to be perfectly satisfactory in this respect. In the region 3100 to 2300 a quartz 
prism was used and was found to give quite adequate dispersion, the mean 
dispersion ove.r this range being about 3-5 A. per millimetre. The slit width 
was 0*1 mm. 

The spectrograph was very rapid ; for example, using platinum sputtered 
plates in the etalon, typical exposure times were: neon, 3 minutes; iron 
(ultra-violet), 6 minutes ; iron (visible), 20 seconds. The exposure for the Cd 
red line, using the approved type of Michelson tube, was about 20 minutes, 
and since the plates taken with neon standards gave no systematic difference 
in the iron wave-lengths when compared with those taken with the primary 
standard, it was thought preferable to use neon for most of the plates since the 
much shorter exposure required greatly reduced the risk of change of length of 
the 4talon during exposure. The neon radiation was obtained from a Hilger 
G.E.C. neon lamp, which was worked directly off the 200-volt mains. 

Two quartz-fluorite objectives were used for projecting the rings; these had 
focal lengths of 6 inchea and 12 inches and were constructed by Adam Hilger, 
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Ltd. They both gave very fine definition and were so well corrected for 
achromatism (the difference / 6000 and /2500 being less than J mm.), that it 
was quite unnecessary to alter the focus when changing from the red to the 
ultra-violet part of the spectrum. 

The 6talon plates, which were of crystalline quartz, were made by Hilger, 
and were chosen from four different pairs by testing them with mercury vapour 
light when set up with a 2J ram. separator. The central J| cm. of them was 
80 flat that when the plat/es were set parallel it was inqwssible to notice any 
change in the size of the interference ring as one moved from one part to another. 
In actual practice a |-cm. circular diaphragm was placed immediately in front 
of the etalon. 

The etalon was placed at such a distance from the objective of the rings, that 
a real image of the diaphragm was projected on to the prism of the spectro¬ 
graph, since this ensures that the same portion of the dtalon plates is used for 
the two spectra being compared. A few plates were taken with the etalon 
and its diaphragm close to the objective of the rbigs, so that a real image of the 
diaphragm was not formed on the prism, but no systematic difference between 
the wave-lengths found from these plates and tliose found from plates with the 
4taloii in the correct position could be detected. 

The image of the light source was projected on the diaphragm by means of 
either a quartz-fluorite lens or a single quartz leixs of G-inch focus ; when the 
single quartz lens was used it was focuss^Hl for the middle of tlie region being 
photographed, and no trouble was experienced from lack of achromatism. 
The image was a five-fold magnification of the source, and in the case of iron, 
surplus radiation, particularly that from t)ie poles, was prevented from falling 
on the 4talon mount. The diaphragm was made of polished brass, so that heat 
radiation falling on it would be reflected away as much as pos,sible. 

The etalon was carried by a mount which also held the quartz-fluorite 
achromat. It was very convenient to use, the rings being centreil on the slit 
by simply adjusting two screws while the objective was focussed by means of 
a helical mount. 

Great care was taken m aligning accurately, the light source, condenser, 
Etalon, objective of the rings, and spectrograph. 

For most of the work Ilford special rapid process panchromatic plates were 
used, but for a few of the plates Ilford soft gradation plates were used on 
account of their greater rapidity, particularly in the red. The total time of 
exposure was <wffy about 8 minutes when photographing the visible iron lines 
and 12 minutes for the ultra-violet, including the two noon exposures, and as a 
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result very few plates liad to be discarded on account of change of length 
of the 4talon during the first and second neon exposures. Plates which showed 
ft difference of more than 1/500th of a fringe were not used for measurement. 

The iron arc used was of the type recommended by the International 
Astronomical Union in 1928, the negative pole, an iron rod of about 7 mm. 
diameter, being placed on top, while the positive pole consisted of an iron oxide 
bead resting on an iron support of abou^ 2 cm. diameter. The upper pole 
was cooled by means of a large iron bush, and was always kept free from drops 
of iron oxide. The arc was burnt with a current of to 4 amperes and varied 
in length between and 2 cm. The central 1 mm. was projected on to the 
^talon. 

The fitalons were adjusted by the light from a Cooper-Hewitt mercury vapour 
lamp. This was rim with half the normal current, since the light under these 
conditions was quite adequate and the lines were sharper than when the full 
current was used. The plates were inspected for parallelism before each 
exposure although they remained parallel for a very much longer time than 
that usually intervening between tw’o exposures. As is now well known, the 
penetration of the reflecting filma of the interferometer is different for different 
wave-lengths of light and it is therefore necessary to find the correction to be 
applied to the apparent wave-lengths of lines found with an etalon. This 
correction is known as the phase correction. The most convenient way of 
determining it, is to measure the api)arent wave-lengths of a line with two or 
more different thicknesses of 6talon; the correction may then be directly 
determined, being given by the formula 




( 1 ) 


where c is the correction for an 6taIon of thickness t and and Xa are the 
uncorrected wave-lengths given by ^talons of thicknesses and respectively. 
The correction was found by measuring the wave-lengths of iron, neon and 
mercury lines with 6talons of thicknesses ranging from IJ to 10 mm. The 
noon and mercury lines were measured because they gave sharper fringes 
than even the best iron lines, especially with the 10 mm. ^talon. In order to 
avoid systematic errors, a large number of plates, on which a comparatively 
small number of lines were measured, were taken for this purpose. The phase 
correction for the platinum sputtered plates was quite small, being only 
— 0*004 A. at X3000 for the |-cm. 6talon. For the 1-cm. 6talon it was half 
this quantity, and for the |-cm. ^alon, double. At X 2800 it was — 0*007 A. 
for the |-cm. 4taion. 
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The MeamrmieifiiH. 

The plates were measured with the aid of a Hilger photo-measuring micro¬ 
meter, three or four settings being made on each ring segment. Two or three, 
or occasionally four, rings of each system were measured and from these data 
it was possible to calculate e, the fractional part of the order of interference at 
the centre of the ring system, without any knowledge of the absolute angular 
scale of the plates. For we have 

a + e = - «\), (2) 


where is the diameter of the ith ring and vi+o diameter of the 
ring. 

Only the diameters of the two innermost rings were used for the evaluation 
of the numerator of the expression (2), but the diameters of the outer rings were 
used in evaluating the denominator. In order to reduce the effect of accidental 
errors in the measurement of the ring diameters, the denominators were plotted 
on graph paper against the wave-lengths and a smooth curve was drawn through 
them. In evaluating the fractional value, the denominator read from the 
curve was used, but it only differed by a very small amount from that given 
by the mean of the direct measurements of a single ring system except in the 
case of a few diffuse lines where it occasionally differed by as much as 1 or 2 per 
cent. It was gratifying that throughout the course of the work no systematic 
difference between the fractions yielded by the first and those yielded by the 
second rings was detected. 

The advantage of this method of reduction is that it is not necessary for the 
spectrograph to give the same magnification of the slit over the whole range of 
the plate, and it is not necessary even to know how great this magnification is. 
It is only necessary that there be no distortion of the ring system of any given 
line. The spectrograph and the objective of the rings were tested for this 
point and found to be quite satisfactory, as was to be expected from the fact 
that there was no systematic difference between the values of the fractional 
order of interference given by the first and second rings. 

In addition to knowing the fractional order of interference it is necessary to 
know the whole number, p, of the order of interference, since the wave-length 
of the line is given by the relation, 



(3) 


In the case of all the iron lines measured above X 2400, p was found from the 

2 n 


vox*, oxxx.—A. 
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wftve-lengths given by Burns,* which were quite accurate enough for the pur¬ 
pose. Below X 2400 the wave-lengths were taken from Kayser’s ‘ Handbuoh 
der Speotroscopie,’ voL 7. 

The thickness of the 6talon was measured in terms of the neon secondary 
standards or occasionally the red cadmium line. On account of the great 
homogeneity of the radiations from these sources and the high reflecting power 
of metallic films for red light, it was possible to measure the rings to within 
one- or two-thousandths of a fringe. 

In estimating the accuracy of measurements, it is perhaps advisable to 
differentiate between systematic and accidental errors. In the present work 
the systematic errors of the plates were found by taking the mean of a number, 
about 20, of the sharper iron lines which had been measured on all the plates 
covering the particular region of the spectrum. If there were no systematic 
errors on the plates, the residuals between the mean wave-lengths and those 
of any one plate would be algebraically zero. Actually this was not the 
case, but the residuals wore quite small, being in only one case as great as 
0^001 A.; the mean value of a residual was 0*0003 A., or 1 part in 10 million. 
The plates were reduced to the mean by adding or subtracting the residual 
in order to reduce the systematic errors of Hnes which had been measured on 
only a small number of plates, but since the mean residual was only 0*0003 A. 
the effect on the final wave-length was usually only of the order of one or two 
ten-thousandths of an angstrom. 

A few of the lines were measured on plates which were considerably over¬ 
exposed or considerably under-exposed as well as on correctly exposed plates, 
but even a very large error in exposure appeared to make no difference to the 
wave-lengths obtained, although it naturally made the measurement of the 
plate more difficult. 

The accidental errors were considerably greater than the systematic errors. 
As can be seen from Table I, which gives the wave-lengths obtained from 
different plates for a number of lines distributed throughout the spectrum, the 
mean accidental error for a single measurement was about 0*001 A. Since 
most of the lines were measured on a fairly large number of plates it might 
have been considered reasonable to retain the fourth decimal place of the wave¬ 
lengths (all the calculations were made to eight figures), but this was considered 
inadvisable partly on account of the thickness of the iron lines. It was found 
that even the best iron lines gave measurable fringes with paths of interference 


♦ ‘ Z. Wiss. Phot/ vol. 12, p. 203 (1913). 
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of not much greater than about 60,000 waves, which means that X/8X for the 
lines is probably about 120,000. The temperature thickness of iron arc lines 
alone is probably such that X/SX = 160,000 or at most 200,000. Now it 
seems meaningless to define the wave-length of a line to much less than about 
one-twentieth of its thickness, i.e., about 0*001 A, especially in view of the 
possibility of hyperfine structure occurring in the iron lines. Further, although 
all the wave-lengths were reduced to N.T.P., by means of tables constructed 
from the data on the refractive index of air determined at the Bureau of 
Standards,* it was not possible to make any correction for the humidity of the 
air, as there are at present no data on this point. It is a well-known fact that 
actual errors are nearly always greater than the calculated probable errors, 
and accordingly it was decided not to retain the fourth decimal place for the 
wave-lengths of the iron lines. In any case it is very doubtful if a fourth 
figure after the decimal place would be of any advantage, as the measurements 
are intended for standards for the interpolation of wave-lengths, for which 
purpose a fourth figure after the decimal place is probably of no practical value. 

The lines selected for measurement were chosen so that if possible there 
were no gaps of much more than about 10 A. between them, and naturally 
those which gave the sharpest interference fringes were given preference. It is 
interesting that this criterion automatioally eliminated all the lines (about 50) 
stated by Langf to be unsuitable as standards on account of the great differences 
in wave-length shown by them according to the character of the iron arc in 
which they are observed. Most of the lines in this region recommended for 
further observation by the I.A.U. in 1928J were measured. Preference was 
also given to lines which were easily identified on maps of the iron arc spectrum, 
since standards which are easily recognised save a considerable amount of time 
and trouble in making measurements by interpolation. 

It has been suggested that the lines below about X 3300 A in the iron arc 
in air spectrum are not suitable for use as wave-length standards, on account 
of their not being accurately reproducible, but the results of the present 
investigation appear definitely to disprove this idea, as can be seen from the 
data given in Table I, and the excellent agreement of the observed values with 
the values calculated from terms derived from the wave-lengths adopted in 
1928 by the I.A.U. The agreement with BumB’s§ recent measurements of 

* Megger, and Peten.’ ‘ Soi. Papers Bur. Stds.,’ Mo. 327 (1918). 
t ‘ Z, WiM. Phot.,’ vol. 16, p. 223-292 (1916). 
t ‘ Trans. I.A.U.,’ vol. 3 (1928). 

* { Bums and Walters, loo. eU. 
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the vacuum iron arc is alao very satisfactory, the mean accidental difference 
only it: 0*001 A. while the systematic difference is less than one-quarter 
of this amountw 


Description of Tables. 

Table I gives the wave-lengths obtained from different plates for a number 
of lines evenly distributed throughout the range investigated. 

Table II gives the wave-lengths found in the present investigation for ten 
lines in the visible part of the iron spectrum, together with the values recom¬ 
mended by the I.A.U, in 1928, and those found by Babcock, by Bums and by 
Monk. 

Table III contains the wave-lengths of five lines in the ultra-violet part of 
the spectrum of mercury, which were measured in connection with the deter¬ 
mination of the phase correction of the interferometer plates. Under N is 
given the number of plates on which the line was measured. 

Table IV contains the wave-lengths of 68 lines in the ultra-violet part of the 
spectrum of the iron arc in air. The first column gives the wave-lengths deter¬ 
mined in the present investigation, and the second gives the numbers of plates 
on which the lines were measured. The third column gives the wave-lengths 
of the lines in the vacuum arc, determined by Burns and Walters ; a letter c 
placed after a line denotes that the wave-length was computed, not measured. 
The fourth column gives the computed values given by the I.A.U. in 1928. 
The fifth column gives Bums’s corrected values of his 1913 grating measure- 
m^ts. The sixth column gives the interferometric determinations of Buisson 
and Fabry. The seventh column gives the 1916 interferometric wave-lengths 
of Bums. The eighth column gives the wave-lengths calculated by the author 
from the term data collected by Miss Moore and H. N. Russell. The adopted 
term values for all the final states were those given by Babcock, while the values 
for the initial states were either those of Babcock, Laporte, Walters, or 
Meggers ; these are denoted by B, L, W and M respectively. The ninth column 
gives the classification of the lines. The notation of Bums and Walters has 
been used. The tenth column gives the wave-number calculated from my 
eight figure wave-lengths. 
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Table I. 


3001*579 

2987-291 

2832*436 

2684*636 

2410-617 

•677 

•291 

•436 

•634 

•616 

'678 

•291 

•485 

•633 

•516 

•678 

•292 

•436 

•636 

•615 

•679 

•292 

•437 

•636 

•518 

•679 

•292 

•438 

•634 

•617 

•677 

•290 

•436 

•636 

•618 

•679 

•280 

•438 

•633 

•517 

•679 

— 

•436 

•636 

•618 

•680 


•436 

— 

— 

•680 

_ 

— 



•679 

— 

— 


— 


Table II. 


Jackson. 

1928. 

i 

Revised 

interpolated. 

Baboock, 

1927. 

Burns, 

1928. 

Monk. 

4046-816 

•815 

-816 

•814 

-815 

^ _ _ 

4063-597 

— 


*697 


— 

4071-740 


— 

•741 

.... 

— 

4202*033 

•031 

•031 

•032 

*031 

— 

4260-479 


— 

•480 

— 

— 

4307-906 

•906 

•907 

•906 

-904 

— 

4326-766 

•766 

•764 

•766 

•765 

•765 

4383-547 

•547 

•648 

•648 

•646 

•648 

4404-762 

•752 

-762 


•762 

— 

4416-124 

*125 

•126 

*126 

-124 



Table III (Mercury). 


— 

N. 

j - 

N. 

2662-042 

6 

3021-497 

0 

2898-596 1 

6 

3125-668 

4 

2967*638 

5 
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Table IV. 


Jaokson. 

N. 

Banu*8 

vacuum 

arc, 

1980. 

LA.U. 

com¬ 

puted. 

Burnses 

cor¬ 

rected 

1913 

valu^. 

Buiseon 

and 

Fabry. 

Barns'e 
1915 

interfero¬ 

metric. 

Com¬ 

puted. 

Claasificatiou. 


2837*392 

3 





_ 




31-305 

3 

— 

_ 

_ 

_ 

j_ 

_ 

_ 


32-796 

3 

_ _ 

_ 

_ 

_ 


_ 



37-002 

2 

_ 


_ 



_ 



fi9-102 

3 

— 

— 


— 


— 

— 


64-825 

4 

— 








79-273 

3 

— 

_ 

_ 

_ 


__ 

_ 


80-767 

3 

_ 

_ 

_ 

_ 


. 

_ 


88-625 

2 

_ 

_ 

...... 

_ 


...... 

_ 


2399*238 

5 

— 

— 


— 

— 




2406-657 

3 









10-517 

8 

— 

_ 

_ 


, 

_ 

_ 


11-066 

7 

— 

_ 

_ 



_ 



13*809 

10 

—- 

. — 

_ 

-310 


TT ■ 

, . 


47-708 

5 

-707c 



— 

— 

-709 B 

«»D4 - 


57-595 

8 


_ 







66*148 

8 

— 

_ 



■ ^ 

_ 



68*879 

7 


-_ 



_ 

_ 



74-814 

8 

— 




, 

_ 



2496-533 

8 

— 

— 

— 




— 


2507-900 

7 





1 ! 




16*114 

2 

— 


_ 






29-833 

2 

-832c 

— 

— 

_ 

— { 

-883 B 

a* D, c” Dx* 


30*692 

1 



_ 


_ 




42*102 

2 

— 

— 


— 

— 


— 


62-534 

8 

_ 

_ 

_ 

-541 



i 

i 

84*586 
85-876 i 

8 

10 

-685c 

— 1 

— 


— 

•541 W 

o* Fft — c® Gg 


2598-369 

9 

— 

— 

_ _ 






2611-872 

3 

— 

— 

— 

— 


--- 

— 

1 

13*822 

2 



__ 





i 

25-668 

5 

— 

- ! 

_ 


_ 




38-292 

3 


— 


•296 





35-807 

44-006 

8 

7 

-808o 




— 

•810 W 

a*Fg«6»G,* 


79*068 

9 


—™ 


•066 



! 


89*212 

2699-108 

2723-677 

36«476 

7 

8 

2 

-576c 
! -478c 

— 

j _ 


— 

•676 B 
•473 B 

- 

a‘D, 
o‘P4 - 


67*526 

72-109 

2778*220 

2804*521 

06-986 

1 

10 

5 

8 

-523 

-108c 

•222 

•522 

— 

-518 

•112 

226 

•523 

-986 

•226 

— 

-621 B 
-108 B 
-228 h 
•522 L 

o»F, 

«‘D,-6*?,* 
a»F, -6‘G,« 
tfiTt - MO,* 



War*- 

uumber 

(Jaokfton). 


42053 * 36 :^ 
881-250 
868-885 
776-726 
376 036 

273-482 

016-817 

41090-624 

852-317 

667 

538-424 

472-252 

462-810 

41424-456 

40842-172 

677-869 
563 257 
491 968 
394-876 
40048-476 

39861-998 
731-875 
316-418 
503 013 
327-270 

38912-184 

680-m 

659-940 

474-664 

375-294 

246-753 

074-198 

38036-188 

37927*752 

810-169 

314-025 

m-689 

37038*301 

36705-568 

545-900 

m-722 
36062 986 
35983-667 
646-233 
614 938 
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Table IV—(continued). 


Jftckaon. 

N* 

Buiub'a 

vacuum 

arc, 

1930. 

I.A.U. 

oom- 

pUt4Ml. 

Burm'a 

cor- 

rcoiod 

1913 

valuofl. 

Buiason 

and 

Fabry. 

1 

Burns's 

1916 

interfero¬ 

metric. 

Com¬ 

puted. 

Classlflcation. 

Wave¬ 

number 

(Jackson)* 

13*288 

1 9 

i -289 

1 

•288 

1 

1 -290 


•289 

h 

o*F. 


6*G,* 

53S-159 

23-276 

3 

•277 

1 — i 

•276 

— 

— 

—, 



— 

- 

40ft-447 

32-436 

10 

! 436 

! _ ! 

433 


—. 

•m 

L 

«•?, 


6*0/ 

294-940 

38-120 

7 

i -120 1 

1 — i 

•118 


— 

■m 

L 

tt*F, 


MG,* 

284-3S2 

51-797 

11 

•798 

- 1 

•798 

•800 

•802 

■79S 

L 

o«F, 

- 

MG,* 

3a065-S8e 

2869-307 

8 

•306 ; 

i 

311 



•307 

B 

o«D, 

_ 

Gg* 

34341-414 

2912-168 

11 

•159 

-158 I 

•169 

•167 

— 

•168 

B 

a»Dg 

—* 

MF,* 

328-771 

29-008 

10 

•007 

•007 

i 004 

— 


•007 

B 


— 

MF,* 

34131-291 

41-843 

2 ! 

-343 

•342 ! 

1 341 

•347 

•348 

343 

B 

a*D, 


MFi* 

33988-182 

63-940 

8 

•940 

•940 , 

i -941 

— 

— 

•940 

B 

a‘D, 

— 

MF,* 

848-229 

67-866 

9 

•366 i 

_ 

•368 1 

— ! 

•— 

•366 

B 

a»I), 

— 

MF^* 

804-807 

65-266 

10 

•264c ! 

— 

1 *266 1 

— ' 

— 

•264 

B 

a^Do 

— 

MF,* 

714-100 

81-446 

8 

1 -448 

— 

1 446 I 

— , 


•44S 

W 


— 

iMP,* 

SSI-012 

87-291 

9 

•202 

— 

•291 1 

•293 

•208 

•289 

M 

a»F4 

— 

c»F,* 

485-410 

2999-613 

j 7 

1 

; -610 

1 1 


•614 

— 

•618 

uS17 

M 

a*Fg 

— 

MF,* 

33329-082 

3037-387 

1 3 

•389 

•389 

•389 

_ _ 


-388 

B 


— 

MB,* 

82913-488 

47-806 

! 2 

•606 i 

‘606 

! -606 

— 

— 

-606 

B 

a»Dg 

— 

MB,* 

808-188 

67-447 

9 

: ’446 1 

-448 

; -447 ' 

— 

•— i 

•447 

B 

u^Fg 

— 

MBg* 

807-600 

69-086 

2 

-086 i 

•086 

1 086 


— 

•086 

B 

a*D, 

— 

MBg* 

880-064 

67-245 

10 

-246 : 

245 

•246 

— 


•246 

B 

a^Fg 

— 

MB,* 

503-108 

76-722 

9 

•720 i 

•719 

•722 

•726 

•726 

•720 

B 

a^F, 

— 

MB,* 

603-280 

83-743 

12 

•741 

-742 

•742 

— 

•747 

•742 

B 

o*F, 

— 

MBi* 

418-730 

91-679 

12 

•677 

•677 

1 

•578 


•682 

•678 

B 

a»Fi 

— 

MB,* 

338-672 


Compariaon with, other MeasuremenU. 

(a) In the case of the lines measured in the visible part of the spectrum, it 
is interesting to compare the values found in this investigation with those 
adopted by the International Astronomical Union in 1928,* and accordingly 
these values are given in the second column of Table II. The agreement is 
almost as perfect as could be expected, since the mean systematic dijSerence 
(J — I.A.) is only 0-0003 A., while the mean accidental difference is 
± 0-0006 A.; the agreement with Babcock’s measurementsf is almost equally 
satisfactory, the mean systematic difference (J — B) being —0-0001 A., 
while the mean accidental difference is i 0-0008 A.; as also is that with 
Bums’s latest measurements,! the mean systematic difference (J — B) being 
+ 0-0008 A., while the mean accidental difference is i 0-0006 A. 

• ‘ Trans. I.A.U.,’ voL 3 (1028). 
t ‘ Aitrophys. J.,’ vol. 62, p. 376 (1927). 
t • Trans. I.A.U.,’ vol. 8 (1928). 
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In the case of the revised interpolated wave-lengths the mean systematic 
difierenoe (J — R.I.) is only — 0*0001 A., but the mean accidental difference 
is rather greater, being ^ 0*0012 A., Unfortunately, only two of the lines 
in my list were measured by Monk,* but the agreement is quite good, the 
systematic difference being nil, while the mean accidental difference is 
± 0*001 A, 

The measurements of these lines in the visible were carried out mainly 
with the object of ascertaining whether my apparatus and method would give 
results in accordance with those found by the observers on whose results the 
I.A.U. standards of 1928 were based, and seem to show quite definitely on 
account of the very low values of the systematic differences, that this is the 
case. This is very satisfactory, especially in view of the change made by the 
wave-length committee in 1928. This consisted in reducing the older values 
adopted in 1925 by about 0*002 A., in this region, and although the change is 
almost certainly entirely justifiable, the agreement of the older values among 
themselves was surprisingly good, and it is very difficult to understand how so 
great a systematic error arose. The fact that my results are in almost perfect 
accord with the more recent measurements, and disagree with the older ones, 
shows that my apparatus is free from the source of error affecting the earlier 
values, and also gives a certain amount of confirmatory evidence in justification 
of the system of standards adopted in 1928. The difference between these 
values and the earlier ones was caused partly by the change in the specification 
of the arc (in the older work, the arc used was too short to be entirely free from 
pole effect), but this cause alone could not have been responsible for the whole 
difference, since even the stable lines were affected. 

(i) In the ultra-violet below X 3300 there are at present no secondary 
standards of iron adopted by the L A.U., because up till now no suitable measure¬ 
ments have been made in this region. The only interferometric measurements 
of the iron arc in air which extend well into the ultra-violet are those of Buisson 
and Fabry,t and a set of measurements by Burns to which reference will be 
made below. They were both carried out with short arcs which were probably 
influenced by pole effect, and are therefore not strictly comparable with my 
measurements. 

Recently, however, Burns and Walters^ have carried out a very extensive 
investigation of the spectrum of the iron arc in vacuo^ including very accurate 

♦ ‘ Aatrophys. J.,’ voL 02, p. 376 (1926). 
t ‘ Astrophys. J./ voL 28, p. 169 (1908). 
t ’ Piib. Alleghany Obs.,’ voL 0, No. 11. 
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interferometric measarements, wliioh are undoubtedly free from pole effect. 
On account of the presaure shift, lines measured in the arc in vaotto should have 
a slightly shorter wave-length than the same lines in the arc in air, but in the 
region below X 3100 this difference becomes almost negligibly small. Assum¬ 
ing that the shift is proportional to the cube of the wave-length, which appears 
to be fairly definitely established, the shift at X 2800 would be expected to be 
only about 0*0006 A., for group b lines. It is therefore probable that my 
measurements are more comparable with those of Bums and Walters than 
with the older ones. That this is the case can be seen at once from Table IV, 
from which it can be seen that the mean accidental difference is 0*001 A., 
while the mean systematic difference (J — B) is only -f-0*0003 A, This 
difference is of the sign to be expected from the pressure shift, although it is 
possibly slightly smaller than might have been expected. However, this 
agreement is very satisfactory, and it is interesting to note that the agreement 
with the computed wave-lengths of Burns and Walters is nearly as good as 
that with their observed values. 

The agreement with the computed values for the arc in air given by the 
I.A.U. in 1928* is also very satisfactory, the mean accidental difference b^g 
± 0*001 A., whUe the mean systematic difference (J — I.A. comp.) is 
+ 0 • 0003 A.; or, if the line X 3076 • 72 is neglected, nil. This means that there 
is no systematic difference greater than that to be expected from the accidental 
differences. 

The measurements of Buisson and Fabry have been given in Table IV sinee 
they are the only previous interferometric determinations of wave-length which 
extend well into the ultra-violet. It is immediately evident that there is a 
systematic difference between the values of Buisson and Fabry and those found 
in the present investigation, the mean value of this difference for eleven lines 
in the region X 2400 to X 3100 being (J — B and F) = — 0*003 A. At most 
0*001 A. can be attributed to difference in the type of arc used in the two 
investigations, since only stable lines were measured, and the remaining 
0* 002 A. must be attributed to experimental error. Now it is thought that the 
systematic error of the wave-lengths found in the present investigation is 
probably not greater than ± 0*0006 A., and this is supported by the agreement 
with the LA.U. computed values and with the recent work of Bums and Walters. 
If Ihis is the case, there must be an experimental error of the order of 0*002 A. 
in the measurements of Buisson and Fabry. Considering that their measure¬ 
ments were made with only one thickness of 4tslon, a short one of 2| mm., it 

• ‘ Trans. I.A.U.,’ voL 3 (1928). 
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is not very surprising that an error of this magnitude should arise, particularly 
in the region X 2400 to X 3100 where the phase correction is relatively large 
with so short an interference path. The mean accidental difference is 

0'0035 A. The number of lines measured both by Buisson and Fabry and 
by the author is rather small, being only 11, but a comparison with the inter¬ 
polated measurements of Burns* for which Buisson and Fabry’s standards were 
used shows that it is not possible to correct them by a simple linear correction. 
For instance, at X 2600 the difference is about 0-006 A., at X 2600 it has risen 
toO-012 A., at X 2800 it is almost zero, while at X 3000 it is only about 0-003 A. 
A similar conclusion results from a comparison with the interpolated measure¬ 
ments of Lang {loc. dt.), and it is therefore desirable that as soon as a system of 
secondary standards is available in this region, new interpolated measurements 
be made. 

In 1916 Bumsf carried out measurements of a number of lines in the iron arc 
spectrum between X 2800 and X 3600, using the nickeled interferometer plates 
which had previously been used by Buisson and Fabry. These wave-lengths, 
however, do not agree with the values found in the present investigation, or 
with the calculated values of the I.A.U., or with those of Bums and Walters 
for the vacuum arc. In the range X 2900 to X 3100 there is a systematic 
difference (J — B) = — 0-006 A., but apart from this the mean accidental 
difference is only ± 0-001 A., although the observations were made with a 
short iron arc. This systematic difference is surprisingly great in view of the 
small value of the mean accidental difference, and is probably due to the use of 
incorrect values for the phase correction, although the use of a shorter arc may 
be, responsible for part of it. In a private communication Dr. Burns agrees 
with these conclusions and considers that the small systematic correction of 
— 0*006 A, is justified. It is interesting that the revised values of the 1913 
interpolated measurements of Burns, which appear in the eighth column of 
Table I of Bums and Walters* paper on the spectrum of iron vacuum arc, lead 
to exactly the same value for the correction. This was to be expected, since 
the systematic difference between these values and those found in the present 
investigation is only (J — B) = — 0*0001 A., while, excluding XX 2767 and 
2778, the mean accidental difference is ± 0-001 A. 

Two of the lines, XX 3075 and 3083, occurring in my list have been measured 
recently by Pte88entin,t whose values are respectively 0*006 A. and 0*004 A. 

* Bums, ‘ Z. Wis». Phot.,’ voL 12, p. 207 (1913). 

t ‘ Sci. Papers Bur. 8tds.,’ No. 2«1 (1918). 

$ ‘ Z. Physik,’ vol. 60, pp. 128-136 (1930). 
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higher than mine. This discrepancy is very great» but no explanation can be 
offered for it. Pressentin’s wave-lengths appear to be systematically too high^ 
the error decreasing, approximately linearly, from about 0 * 005 A. at X 3100 to nil 
at X 3600, when they are compared with the best other values now available. 

It is possible to calculate the wave-lengths of some of the iron lines from 
the levels given by Miss Moore and Russell.* A considerable number of these 
levels were derived by Babcock from his interferometric measurements of iron, 
and should be very accurate. As can be seen from Tabic IV, the agreement 
between my observed wave-lengths and those calculated from Babcock’s levels 
is very satisfactory, the mean systematic difference (J — B calc.) being only 
+ 0*0002 A. while the mean accidental difference is ± 0*001 A. The wave¬ 
lengths of lines involving levels not determined by Babcock have also been 
computed, but the agreement is naturally not so good and the values are 
printed in italics. 

Summary, 

Ten lines in the spectrum of the iron arc in air, between X 4000 and X 4400, 
have been measured by interferometric comparison with the red line of cadmium 
or with the secondary standards of neon. The results are found to be in almost 
perfect agreement with the wave-lengths recommended by the I.A.U. in 1928, 
the mean systematic difference (J — I.A.) being only + 0*0003 A,, while the 
mean accidental difference is ± 0*0006 A. 

Sixty-eight lines in the spectrum of the iron arc in air between X 2300 and 
X 3100, have also been measured interferometrically. These agree well with 
the vacuum arc measurements of Bums and Walters, but, as is to be expected 
on account of the pressure shift, they are slightly greater in wave-length, the 
mean systematic difference being 0*0003 A., while the mean accidental differ¬ 
ence is ± 0*001 A. The agreement with the computed values for the arc in 
air given by the I.A.U. in 1928 is equally satisfactory, and that with certain 
wave-lengths calculated by the author from energy levels given by Babcock 
is also very satisfactory. The measurements above X 2800 agree very well 
with Bums’s interpolated values of 1913 when the latter are corrected by means 
of the table given recently by Bums.f 

live lines of mercury in the ultra-violet have also been measured. 

• * Astrophys. J..* vol. 68, pp. 161-164 (1928). 

t ‘ Pub, Alleghany Obs.,* vd. 8, No. 1. [Nd« tMtd in proo/.—Br. Burns, while this 
paper was in proof, has sent me a list of mm lines down to X2200, which he and 
Dr. Walters have measured in the vaeuum arc. This list includes nearly all the lines 
I have measured and the agreement is very good; the mean accidental difference being 
± 0*001 A, while the mean systematic difference (J.—-B. A W.) is -f 0*0002 A.] 
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In conclusion, it is a great pleasure to thank Prof. A. Fowler for his great 
interest and encouragement throughout the course of the work, and to express 
my gratitude to Dr. Bums for the suggestion that I should use Babcock’s 
levels for calculating the wave-lengths of many of the lines which I had 
observed. 


The Photo-Elastic Dispersion of Vitreous Silica. 

By L. N. G, Filon, M.A., D.»Sc., F.R.S., Professor of Applied Mathematics 
and Mechanics in University College, London, and F. C. Harbis, M.Sc., 
University College, London. 

(Received September 29, 1930.) 

1. The dispersion of the double refraction induced by stress in isofaropic 
transparent substances has been the subject of a number of investigations.* 
All of these, however, have dealt with compound substances, such as ordinary 
glasses and nitro-cellulose. It appeared of interest to obtain data, as accurate 
as possible, for a substance of glassy type, containing only a single chemical 
constituent, and in which the complications arising from progressive creep 
(such as occurs m nitro-cellulose and gelatine) were absent. Vitreous silica 
provides such a material and is now obtainable in fair-sized blocks of good 
optical quality. 

2. Two rectangular blocks of vitreous silica were obtained from the Thermal 
Syndicate, Ltd. Their dimensions were as follows: a (the height) being 
parallel to the line of stress, b (the breadth) being at right angles to both the 
line of stress and the rays of light, and d (the thickness) being in the direction 
of travel of the light through the block:— 

A. o«2a42, 6 = 0-467, d = 0-902. 

B. 0 = 4-270, 6= 1-228, d = 3-260. 

All the measurements being in centimetres. 

Owing to the peculiar opacity of vitreous silica when slowly cooled, it was 

* Mu4 de Lipinay, ‘ C. R,,’ voL 86, p. 326 (1878 ); F. Fookeb, ‘ Ann, Fhjwik,’ «or. IV, 
vol. 7, pp. 746, ti seq. (1902),- L. N. G. FUon, ‘ Proo. Oamb. Phfl. Soo.,’ voL 11, pp. 478- 
482 (1902), and vol. 12. pp. 56-04 and 813-336 (1903); ‘ Phil Itam.,’ A vol. 207, pp. 268- 
806 (1907) s ‘ Proo. Roy. Soo.,' A vol. 83, pp, 672-879 (1910) j S. R. Savur, ‘ Proo. Roy. 
Soo.,’ A vol. 109, pp. 388-880 (1926), 
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impossible to anneal the specimens. On the whole these were remarkably &ee 
from initial double-refraction. In the earlier experiments (on specimen A) 
a slight efEective residual stress, parallel to the dimension a, was found to exists 
and allowed for in the reductions. The method used in the later experiments 
eliminated such an effect automatically. 

The faces a X 6 of each block were polished. 

The specimen A and, to a much lesser extent, B, showed a certain amount of 
striation in the internal structure. 

3. The stress was applied by means of a lever and weight, the apparatus 
being sensibly identical with that described by Filon and Jessop,* to whose 
paper the reader is referred. 

The method of measurement of the sti*es8-optical coefficient C (the difference 
per unit stress of the indices of refraction for light polarised in and perpendicular 
to the line of stress) was identical in principle with the spectrometer method 
described by Filon,f but originally used in a somewhat different form by Mach. J 

An important modification was introduced, which greatly increased the 
accuracy of the method. After the light had passed through a polariser, the 
strained specimen, and an analyser, the axes of the polariser and analyser being 
crossed and at 46° to the line of stress, it was focussed by a lens upon the slit 
of a spectroscope, the slit and the mid-plane of the specimen being in conjugate 
planes of the lens, and the distances so adjusted that a much enlarged image 
of the specimen was formed in the plane of the slit. This ensured that the 
light entering the slit had all passed through a narrowly limited region of the 
specimen, and thus eliminated largely the effect of lack of homogeneity shown 
by striation. Further, lateral adjustment of the lens allowed the same part 
of the image of the specimen to be brought accurately upon the slit. By this 
device it has been possible to apply the spectrometer method to measure C 
in materials such as bakelite, which show considerable residual stress 
varying rapidly from point to point. 

The image was also used to check the centering of the load and the consequent 
uniformity of stress in the middle part of the specimen, by making visible, 
without disturbance of the apparatus, any lack of uniformity in the colour 
of the image at the lints of passage. 

The effect of the above optical arrangement is to reduce considerably the 
proportion of light which enters the slit. In order to overcome this difficulty 

♦ * Fha. Trona.,* A, vol, 223, pp. 90, 91 (1922). 

t * Camb. Phil. Soo. Ppoc,,^ vol. 12, pp. 55, d (1902). 

X Erast Mooh, ‘ Ann, Physik,’ vol 146, pp, 313*316 (1872). 
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a Booroe of high intensity was used, viz., an aro laSmp in the eazliet expraioMats^ 
and a 600 candle-power Fointolite lamp in the later ones. 

4. If r(X) is the retardation produced by the specimen in light of wave4ength 
X, the spectrum observed is crossed by dark bands, whose centres are given by 
the equation 

f(X) = nX, (1) 

n being an integer. The object of the experiment is to determine the form of 
r(X). 

Although the total extinction of the light is given by equation (1), appreciable 
partial extinction is produced for neighbouring values of X, so that the dark 
bands which cross the spectrum have a quite considerable breadth. For 
high orders, however, the successive values of X which give the centoes of the 
bands are fairly close, so that the breadth of the bands is much smaller and 
settings on individual bands can be made with accuracy. On the other hand, 
any error in X is multiplied by the order of the band, so that the gain in 
accuracy of setting may be more than balanced by the increase in the 
multiplpng factor when it comes to the determination of r. There are, 
however, certain decisive advantages in working with a high order; these 
> will be explained later, in § 15, It is also essential if the dispersion of the 
spectrometer is considerable. 

For the 1924 observations here described an ordinary one-prism (60°) 
spectroscope, with graduated circle, was employed; for the 1930 observations 
it was replaced by a Littrow spectroscope of length 3 feet 9 inches, giving a 
much higher dispersion. 

The calibration of the spectrometer was in every case carried out by means 
of a comparison spectrum, obtained in the earlier experiments from the glowing 
gas between cored carbons containing a calcium filling; later from the arc 
between iron poles. 

6. The first set of observations was token on specimen A. 

This specimen was loaded until the bands of the first, second, and third 
orders, successively, appeared at the violet end and travelled through the spec¬ 
trum ; the third order band could not be obtained beyond X 4700, owing to the 
approach to the breaking stress of the matoiaL The wave-lengUis X <rf tiie 
centres of the bands were measured with the spectrometer, and, on multi^ying 
by the order w of the band, r(X) was obtained. 

The stress p in the specimen, measured in bars (m^^ynes per square 
centimetre), was calculated from the applied weights and the 6iT¥i«fiMiAti« of 
tire apparatus, on the assumption that the thrust is unifmmly distributed at 
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a distance from the loaded ends of the specimen. This will still give the correct 
mechanical stress at the centre of the specimen, even if there is a buckling 
moment. 

In order to obtain the observed retardation we have to add to p a correction 
Ap, which represents the so-called “ residual stress/' although in actual fact 
there need be no internal stress corresponding to it.* It is assumed that the 
axes of polarisation of the specimen, when unloaded, are longitudinal and 
transverse ; this was found to be very approximately the case, 

6. A preliminary set of observations, in which r was plotted to p, indicated 
approximately a linear relation between r and p for the observations of each 
separate order n. 

This may be written 

r = Cjpaf 4- (2) 

where 

r = nX. (3) 


If we now assume that the law of proportionality of retardation to stress, 
for light of a given wavelength, a law hitherto verified for glasses within the 
limits of observation, holds also for silica, we obtain the further equation 


r = C(p + Ap)d, 


( 4 ) 


where C is the usual stress-optical coefficient for light of wave-length X. 

Eliminating r and p between (2), (3) and (4), we obtain the relation between 
C and X 


C = C„/ 1 


/(■ 


{B..-CnAp.d} 


nX 




(5) 


Since by hypothesis C should be independent of the stress, and therefore of 
the order n of the band, (Bn — CgAp . d)ln should be a constant, or 

B, = nXo + CoAp. d, (6) 

so that 

C = Co/(l - Xo/X). (7) 

The law (7) is identical with that found by Filonf to give the general charaoter- 
istioB of photo-elastic dispersion for a number of glasses. It is thus seen to 
apply also, fairly closely, to vitreous silica, 
from the observed values of B,, B,, we have: 

Bj = Xj -j- Cq . Ap. d, 

B, 2Xg -f“ C(. Ap. d, 

* Sm Ffion and Harris,' Proo. Roy. Soo.,’ A, voL 103, pp, 661-571 (1928). 
t ‘ Phlb Trans.,’ A, voL 207, pp. 280-287 (1907). 


( 8 ) 

( 9 ) 
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two equations from which and Ap can be found. The preliminary observa¬ 
tions gave the rough values :— 

= 3-331 brewsters (1 brewster 10“^® cm.*/dyne) 

Xo=-540A. 

Ap = — 6 • OG bars. 

Comparison between the tljeoretical straight line and the observations^ 
however, appeared to indicate systematic residuals from the formula (7) in 
the neighbourhood of the wave-lengths X 5000 and X 6000. If we now denote 
by C' the stress-optical coefficient calculated from formula (7), C denoting 
the observed ratio of retardation to stress per unit thickness, C — C' showed a 
change from to — as we passed from X 4900 to X 5100. Only two observa¬ 
tions were involved, but it st> happens that a precisely similar variation was 
detected by Filon* in an investigation of the photo-elastic dispersion of a 
number of glasses. This had been ascribed at the time to a constituent such 
as PbO or BjOs* Its occurrence in pure silica, if confirmed, would lead to a 
new interpretation of the older results. 

7. A fresh set of observations was then taken, with loads at closer intervals, 
and a formula of the type 

r^Co{p+ Ap)d + ny,^ ( 10 ) 


fitted to the observations by least st|uares for the unknowns CqAp . d, 
Xq, giving the following values : 


C^, 3*3775 brewsters 

Xo==431*5A. 

Ap = — 5*43 bars 



( 11 ) 


As the stress in the specimen varied from 134*18 to 424*00 bars, the agree¬ 
ment between this value of Ap and the one previously found by rough calcula¬ 
tions for a different experiment was very satisfactory. The value of Ap 
given by (11) was therefore adopted and applied as a correction to all the 
calculated mechanical stresses p. 

The values of C were then computed from the observed retardations r and 
the corrected stresses p -j- Ap, by the formula 

c == rlip + ^p)d, ( 12 ) 


• Loc. c«„ pp. 293-301 (1907). 
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and the values of C' were calculated from the formula (7), using the values 
of Co, Xo given by (11). 

The results are given in Table I below, the diSerenoes C — C', t.c.. C observed 
— C calculated from the standard formula, being given in the fourth column 
in millibrewsters. 

The values of C C', given by Table I, are plotted to X in fig, 1. The agree* 
ment between the values given by different orders is remarkable ; in a number 
of oases the values yielded by the first and second orders give almost coincident 
points on the diagram. 


Table I.—Observations of Silica (Specimen A), 1924. 


OnJer L 

Oid©r II. 

1 

A. 

C. 

O', 

a 

1 

A. 

C. 

1 

C'. 

1 

C-C'. 

i 

4816 1 

3-717 

1 3*763 

-36 

4245 

3-768 

3*760 

1 

! + 8 

4468 ! 

3-741 

1 3*789 

-‘f 2 

4353 

3-754 

3*749 

1 + 5 

4580 1 

3-731 

3*729 

"f* 2 

4470 

3-747 

3*738 

: + 0 

4710 

3'736 

3*718 

+ 18 

4578 

3*784 

3*729 

+ 5 

4825 I 

3-730 

3*709 

f21 

4698 

3-732 

3*719 

+ 13 

4805 

3-697 

3*703 

6 

4812 

3*724 

3*710 

+ 14 

5003 1 

8-679 i 

3-668 

-17 

4918 

3*711 

3-702 

i + 9 

fills 

3*672 

3-689 

-17 

5012 

3-690 

3-606 

i “ ^ 

fi2S3 

3-670 : 

3*681 

-11 

5100 

3-665 

3-600 

-86 

5863 

3-676 

3*673 

+ 3 

5228 

3-670 

3-681 

-11 

5465 

3*662 

8*667 1 

- 5 

5840 

8-664 

3*674 

i -10 

5578 

8*667 

3*661 

- 4 

5440 

3-649 

3*669 

i -20 

5685 

3-648 

3*656 

- 7 

5565 

3-662 

3*661 

- 9 

6788 

3*637 

3*660 

-13 

6678 

3-647 

3*665 

- 8 

5910 

8*638 

3*644 

- 6 

6790 

3 642 

3-660 

- 8 

6085 

3*641 ' 

8*638 

+ 3 

6910 

3*641 

3-644 

- 3 

6158 

3*642 

3*632 

-f 10 

6035 

3-644 

3-638 

4- 6 

6265 

3*634 

3*627 

7 

6140 

3*636 

3*633 

4 * 2 

6400 

3*643 

3*622 

+21 

6258 

3*034 

3*628 

1 6 

6510 

3-687 

3*617 

+20 

6400 

3-046 

3*622 1 

+ 24 

6628 

3-636 

3*613 

+23 

6505 

3*637 

3*618 

+ 19 

6700 

3*610 

3-610 

0 

65^3 

3*614 

3*614 

0 

6785 

3-591 

3*607 

-16 

6680 

3*602 

3*611 

- 9 





6780 1 

3*692 

8*607 

-15 


Oitier lU. 


A. 

c. 

C'. 

C-C'. 

4378 

8*741 

3*747 

- 6 

4460 

3*741 

3*739 

+ 2 

4S86 

3*785 

8*788 

+ 2 

6610 

3*729 

3*720 

+ 3 

4688 

8*728 

8*720 

+ 3 


2 E 


von. oxxx.—A. 
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The black curve in fig. 1 ia drawn freehand through the observatSona and ia 
intended aa an aid to exhibit their most marked characteriatios. Of these the 



chief is the rise of the curve about X 4800 and its gradual fall to a minimum 
about X6100, followed by a subsequent rise. For purposes of comparison 
fig. 10 of Filon’s 1907 paper has been recalculated, so as to exhibit C — C' 
in millibrewsters and is here shown by the curve of dots and dashes in fig. 1 . 
This curve, which refers to a glass (3453) containing 20*8 per cent, of K«0, 
5'7 per oent. of B 1 O 3 and 6 ■ 4 per cent, of MgO, but only 68 ■ 1 per cent, of silica, 
is seen to exhibit precisely the same type of curve of deviations as the one found 
here for silica. A very similar oscillatiott of approximately the same extent 
was found also in another glass (3296) with a silica content of 67 ■ 0 per oent. 
It is noteworthy that the two glasses which then showed this effect to a marked 
degree were precisely those which contained a. large percentage of silica, and 
none of those with a smaller silica content (35*4, 32*5, 31*6) per oent. showed 
it appreciably. It is a curious coincidence that the amplitudes of the oscilla¬ 
tion in the glasses 3453 and 3296 on the one hand, and in pure silica on the 
other, are roughly 28 and 40 millibrewsters respectively, or approximately as 
the silica contents in the two cases. In any case it now appears very probable 
that silica is responsible for this particular irregularity. 

The present observations, however, indicate other, but less marked, irregulari¬ 
ties. There is an indication of another wave about X5400 and a marked 
gradual rise from X 5800 to X 6100, followed by a slight fall, and a further rise 
to a maximum about X 6450, with a sharp subsequent fall. The last rise and 
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fall are also indicated roughly in Filon’s 1907 paper and are probably significant. 
The maximum at about X 6100, although not very clearly marked here, should 
be noted, in reference to subsequent results. 

8 . In view of the importance of the above observations from the standpoint 
of the theory of photo-elasticity, it was considered essential to confirm them 
by an independent method, which should be free from certain defects inherent 
in the spectrometer method as used by us previously. 

The defects which we had in mind at the time were two-fold. In the first 
place, any error in determining the centre of a band affected, not merely the 
calculated retardation, but the wave-length of the observation. Thus, in 
the plotted curves, not only the ordinates, but the ahscissai were liable to un¬ 
certainty. In the case of rapid local variations, this might easily distort the 
curve appreciably. 

Ill the second place, the load had necessarily to be varied from observation 
to observation. If the variation of the load (a) did not affect its distribution 
in the specimen and (b) caused no lateral displacement of the specimen ; and 
further, if (c) the law of proportionality of retardation to stress held good 
rigorously, then this progressive alteration of load could introduce no 
error. But previous experience had shown that changes of load inevitably 
introduced (a) and (b) ; and although the method described in § 3 alloweil 
these effects to be corrected and minimised, they could not be altogether got 
rid of. 

Even more fundamental was the imcertainty as to (c). Although, so far, 
no deviation from this law of proportionality had been recognised for glass, 
the accuracy of the observations establishing it fell far short of the accuracy 
here aimed at in the determination of C. At the time, however, we attached 
no great importance to this source of error. But the later results of S. R. 
Savur, on the photo-elastic dispersion of overstrained celluloid, showed clearly 
that, in this material, the law of variation of C with the wave-length was 
fundamentally affected by overstrain; this suggested that there was at least 
a possibility that, in glasses, C might be a fimction, not only of X, but of the 
stress ; in which case the relation between retardation and stress, for a given 
X, could no longer be one of simple proportionality. 

It was therefore necessary to devise a method of measuring G throughout 
the spectrum, at definite wave-lengths, and with the specimen under constant 
load, undisturbed throughout the series of observations. 

A great deal of preliminary work was necessary before such a method could 
be devised and made to work with the necessary accuracy. Pressure of other 

2 B 2 
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work iuterrupted the observations and it was not until 1929 that it was posaibie 
to obtain reliable results. 

As it turned out the results obtained by the new method revealed an un* 
suspected source of error, due to the character of the variations under inveitti- 
gation, which seriously vitiated the accuracy of the earlier observations. 

9, In the new method a plate of quartz of adjustable thickness was intro¬ 
duced in the path of the light between the^analyser and the specimen. The 
plate was made like a Babinet compensator and consisted of two similar thin 
wedges of quartz, whose relative motion was controlled by a specially con¬ 
structed micrometer screw. The axes of polarisation of the plate were parallel 
and perpendicular to the line of stress in the specimen. 

Apart from this the apparatus remained unaltered in essentials. The spectro¬ 
scope was of the Littrow type, giving a high dispersion, and was provided with 
a reading microscope furnished with graticules and a micrometer. 

Initially the specimen was under the small compression due to the weight of 
the lever arm and hangers only. 

The retardation of the plate alone (about 43 X for sodium light) produces in 
the visible spectrum about 20 fairly sharp bands. 

Using the iron comparison spectrum, the zero of the reading microscope was 
set upon a standard iron line. On removing the comparison spectrum, the 
banded spectrum, due to the plate a«id slightly stressed specimen, was visible. 
The quartz plate micrometer was then adjusted until the band of order was 
brought to the zero of the reading microscope, being the reading of the quartz 
plate micrometer when this occurs. An additional load W was now applied 
to the lever of the straining apparatus and the band of order was 

brought to the zero of the reading microscope, the observed reading of the 
quartz plate micrometer being then a?. The bands can be identified by con- 
tmuouB observation, or from a preliminary approximate experiment, so that 
m is a known integer in every case ; it is unnecessary to determine the absolute 
order no* 

This procedure was repeated for 23 standard iron lines between X 4600 and 
X 6600, the extreme red and extreme violet being omitted owing to the reduced 
illumination with the high di^q^ersion spectroscope. 

The whole of the observations at each load were taken without changing the 
load, or altering the eondition of the specimen. This involved re-setring the 
zero of the reading microscope on all the stoudards selected for each separata 
load, but it entirely eliminated any effects due to possible displacement of tile 
specimen on loading and unloading, as between one wave-length and anctherK 
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If now fg is the initial retardation of the specimen; r the additionid retarda¬ 
tion due to a load W; pg the retardation produced by the quartz when the 
micrometer reading is aCg; p the retardation produced by the quartz when 
the micrometer reading is x ; then we have ^ 

HgX = fg + po, 

(ng + m)X = fg + r-(-p. 

Hence 

wX — r -f- (p — pg). (13) 

Now let s be the difference of the micrometer readings required to produce an 
additional retardation of a whole wave-length in the light of length X. 

Then (p — po)/X — (x — Xg)/s, so that equation (13) can be written 

r = X['/n — (x — Xg)/#], (14) 

which determines r, the retardation due to the addition of the weight W, 
directly. 

Thus r is found for each of the 23 standard wave-lengths, and, since r is 
equal to the difference of the refractive indices in the silica, multiplied by the 
thickness traversed, this difference of refractive indices, caused by the addition 
of W, is measured independently of any assumption as to the stress-optical 
relation. 

In practice, however, it is convenient to express the result as a stress- 
optical coefficient, by dividing the difference of refracting indices in question 
by the stress corresponding to the load W. Even if this calculated stress 
is not exactly equal to the actual pressure at the point observed, the effect is 
merely to apply to the results a constant factor, nearly equal to unity, which 
leaves the law of dispersion unaffected. 

10 . To use formula (14) it is necessary to obtain s for the particular wave¬ 
length of the observation. This is done immediately by moving the quartz 
plate micrometer until the next band comes on the zero of the reading micro- 
scope and noting the difference of the micrometer readings. 

In view of the importance of determining s accurately, and as a check on any 
possible errors of the micrometer screw, the following procedure was adopted. 

A fre^ set of readii^ of « was taken simultaneously with every set of 
observations; the products 

(|Xi —• (ii)s/X 

were formed, where (i, -- is the difference of the refractive indices of quartz 
for wave-length X, obtained from the fable of values of p, — previously 
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determined by F. C. Harris."' These products should all have the same 
value; owing to inevitable errors of observation they were found to differ 
slightly. The arithmetic mean of all these products was found and this was 
taken as the correct value of the product, s was then calculated by multipl3ring 
this mean value by X/([jia — In this way a value of » was obtained which 
was practically independent of the individual observation. 

At the same time the various readings for a for different sets all corresponded 
to different readings of the micrometer screw and their agreement supplied 
evidence of the freedom of the latter from periodic or other errors. 

Two typical sets of such readings, for the wave-lengths X 6763-013 and 
X 4967-606, are given below. 


A 6763 018. 

A 4967*606. 

Beading for a. 

Biv. from mean. 

Reading for 

Biv. from mean. 

r 


r 


19-44 

+0*12 

16-26 

-*0 09 

10-30 

-0*02 

16*32 

-0*02 

19 2S 

-0*04 

16-84 

0*00 

19*84 ! 

+0*02 

16*42 

-fO-08 

19*81 i 

-0*01 

16*26 

-0-08 

19*35 

+0-03 

16*34 

0*00 

19*26 

-0 07 

16*46 

+0 12 

19*37 

-i-0-06 

16*86 

+0*02 

19*27 

-0-06 



19*32 

0*046 

16*34 

0*064 

mean«. 1 

1 

mean error. 

mean s. 

mean error* 


It may therefore be taken that the mean error of a difference of settings k 
about 0 ■ 06 of a revolution of the screw. This will also apply to the differences 
X — Xq. For the case where the retardation is as high as 2X, this amounts to 
an error of 6 in about 4000, or a little over 1 /lO per cent. Near the ends of the 
range, however, where the illumination is poor, the error may be somewhat 
larger than this. For values of W corresponding to smaller retardations, 
the error is proportionately greater; it will, on the other hand, be less for higher 
values of W. Thus more weight must be attached to the observations with 
the higher values of W, the weight (in the sense of the theory of probability) 
bebg in fact proportional to W. 

11 . For this set of observations specimen B was used. This (see § 2) was a 
good deal larger than the earlier ones and it was possible to attain a retardation 
■* ‘ Phil. Mttg, ’ vol. 7, pp. 80-86 (1029). 
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of 2X without risk of breakage, or exceeding the probable limit of elastioh;y. 
'Ihe strength of the lever arm, however, limited the load W. 

The results for six difierent loads W = 10,20, 25,30,35 and 40 kUogrammes 
weight, corresponding to calculated additions of pressure in the specimen of 
19-437, 38-874, 48-693, 68-311, 68-030 and 77-748 bars respectively, are 
given in Tables II (o), (6), (c), (d), («) and (/). 

The left-hand column, common to all the tables, gives the wave-length of 
the observation; the first column of each table gives the stress-optical coefficient 
C, calculated from the observed retardation; the second column gives the 
quantity C' calculated from the formula C' = Co/(l — X^/X), C„ and Xq having 
been determined by a least square fit of the given set of observations; and the 
third column gives C ~ C', this last in millibrewsters, C and C' being given in 
brewsters. 


Table II. 


1 

(a) 

(6) 

(e) 

W«10 kgm. 

Stressisa 10 *487 bars. 
Oo»2*840 brewsters. 
Ao«n68*6A. 

W=e5 20 kgm. 

Stress »= 38 *874 bars. 
Co—8 *065 brewsters. 
Ao*“825*2 A. 

W»-26 kgm. 
StrM8»48*593 bars. 
Co«3*890 brewsters. 
A,«»427*4A. 

A. 

C. 

C'. 

C-C'. 

C. 

C'. 

C-C'. 

C. 


i 

j C-C'. 

6494-693 

3*439 

3*467 

-18 

8*617 

3*511 

+ 6 

3*606 

3*629 

-23 

6393*612 

3*506 

3*469 

+ 86 

3*611 

3*520 

- 9 

3*624 

3 633 

- 9 

6316*028 

3*497 

8-478 

-fl9 

3*500 

3*526 

-26 

3*646 

3*636 

+ 10 

6230*734 

3*508 

3*489 

-t-19 

3*543 

3*683 

+ 10 

3*638 

3*640 

- 2 

6186*624 

3*564 

3-001 

+63 

8*547 

3*641 

+ 6 

3*666 

3*644 

+ 12 

6027*069 

3-SOO 

3*516 

-~16 

3*622 i 

3*562 

-30 

3*042 

3*649 

- 7 

6896*932 

3*631 1 

3*535 { 

- 4 

3*666 

3 664 

+ 2 

3*622 

3-655 

-33 

5763*013 

3 518 

3*555 

-37 

1 3*608 1 

3*578 

+30 

3*664 

3*662 

+ 2 

6709*396 

3*548 

3-063 

-20 

8-610 

8*683 

+27 

8*700 

3*666 

+36 

6616*661 

3-603 

8-079 

-20 

1 3*629 

3*693 

4-36 

3-693 

8*670 

+22 

6506*784 

3*659 

8*597 

-88 

3*628 

3*606 

+22 

3*68! 

3*676 

+ 6 

6397*134 

3*645 

8*617 

+28 

8-614 

8*619 

- 6 

8*687 

3*682 

+ 5 

6802*316 1 

3*587 

3*634 

-47 

8*602 

3*680 

-28 

8*702 

3-688 

+ 14 

6192*868 

3*626 

8*656 

^ -30 

8*688 

3-640 

-12 

3*740 

3*694 

+46 

6110*4516 

3*596 

3*673 

-77 

3622 

; 8*666 

-34 

3*714 

3*700 

t“14 

6049*827 

3*710 1 

3*686 

+24 

3 >669 

1 3*664 

+ 6 

3-780 

3*704 

+26 

6006*180 

3*660 

3*696 

-36 

8 631 

1 8*670 

-39 

3*665 

3*707 

-42 

4957*606 

8*703 

8*707 

- 4 

8*679 

1 8*677 

+ 2 

3*680 

8*710 

-30 

4908*386 

8*797 

3*719 

+78 

3 *680 

3*686 

+ 3 

3*728 

8*714 

+ 14 

4859*657 

8*729 

3*729 

0 

3*702 

3*692 

+ 10 

3*699 

8*717 

-18 

4789*657 

8*777 

3*747 

+80 

3*705 

8*708 

+ 2 

3*702 

3*722 

1 -20 

4786*786 i 

3*746 

3*760 

-15 

8*735 

3*712 

+23 

8*687 

3*727 

1 -40 

4802*946 

3*897 

3*796 

+101 

8*786 

3*786 

0 

3*755 

3*737 

+18 
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Table II—(continued). 




(rf) 



(e) 


(/) 



^:-30 ki?in. 

W 

’.:=i36 kgm. 

W^40 kgm. 


Stivaa ==68*311 baiw. 

Strt*88 68 ■ 030 bars. 

8tresa=^77-748 bars. 


CL^3*340 

04,3=3*286 browBtfjre, 

Oo- 

3 ■ 122 brtswst-erB. 


A 

j-,^474*6 A. 

A4,^r>211 A. 

A. 

,= 780*7 A. 

A. 

c. 

V/. 

C-C'. 

C. 

CA 

o 

! 

O 

c. 


C-C'. 

6494-993 

3-630 

3 603 

4-27 

3-672 

3*560 

+22 

3*548 

3-649 

- 1 

639.?-012 

3*620 

3 607 

4-13 

3*608 

3-665 

+ 13 

3*654 

3-667 

- 3 

6318 028 

3 022 

3-611 

4-11 

3*647 

3*669 

-12 

3 666 

3*662 

- 7 

6230 734 

3-604 

3-615 

-~11 

3-640 

3*663 

-23 

3*676 

3*670 

+ 6 

6138-624 

3-634 

3*619 

4-15 

3*672 

3*668 

+ 4 

3*586 

3*577 

f 8 

8027 069 

3-680 

3-626 

-45 

3 554 

3*674 

-20 

3-671 

3*687 

-16 

6896-932 

3-694 

3-632 

-36 

3*581 

3*582 

- 1 

3*586 

3*699 

-14 

6763-013 

3-604 

3*639 

^-36 

3*606 

3*690 

+ 16 

3-626 

3*611 

4 14 

5709*396 

3-669 

3*642 

+27 

3-686 

3*693 

- 7 

3-630 

3*617 

+ 13 

6616-661 

3*649 

3*648 

+ 1 

3*594 

3*599 

- 5 

3*638 

3*626 

+ 12 

6608*784 

3 676 

3-664 

+ 21 

3-606 

3*607 

- 2 

3*664 

3*638 

+ 16 

6397-134 

3*662 

3*661 

+ 1 

3-611 

3-614 

- 3 

3*668 

3-650 

+ 18 

6302-316 

3-681 

3*668 

7 

3-628 

3*621 

+ 7 

3*646 

3*661 

-16 

6192*363 

3*683 

3-676 

4 8 

3*649 

3*630 

+ 19 

3*672 

3*676 

- 3 

6110-416 

3*682 

3*681 

+ 1 

3-639 

3*636 

+ 3 

3*659 

3*686 

-20 

6049-827 

3-736 

3*686 1 

+49 

3-663 

3*641 

+22 

3-706 

3*693 

+ 12 

6006-130 

3 642 

3-689 

-47 

3-607 

3*646 

-38 

3*663 

3*699 

-36 

4967-606 

3*678 

3-693 

-16 

3-636 

3*649 

-13 

3*678 

3-706 

-28 

4903-326 

3*738 

3-697 

4'41 

3-692 

3*664 

4" 38 

3*740 

3*713 

+27 

4869-667 

3*706 

3*701 

+ 6 

3-646 

3*667 

-12 

3-737 

3-720 

+ 17 

4789-667 

3-693 

3*707 

-14 

3 666 

3*664 

- 9 

3*718 

3*730 

-12 

4736-786 

3-683 

3*711 

•28 

3-661 

3*609 

- 8 

3*729 

3-738 

- 9 

4602-948 

3*767 

3*723 

+ 34 

3*690 

3*682 

4- 8 

3*789 

3*760 

+29 


12. The results of Table II show a regular alteration of the oonstants 
Cq, Xq with the load. 

Although no very great importance need be attached to the particular form 
of the relation (7), which is purely empirical, nevertheless these constants are 
useful as giving a measure of the general trend of the photo-elastic dispersion. 
The constant Cq appears to increase to a maximum for W = 26 and then 
to decrease, and simultaneously there is a fall of Xq to a minimum and a 
subsequent rise. 

The variation of Co might be explained away on the supposition that, as 
the load is altered, some displacement of the specimen or buckling effect causes 
the stress at the point observed to depart from the calculated mean pressure, 
thereby altering the scale-value for C. But such an explanation clearly fails 
to account for the variation of Xo, and, in view of the fact that the two variations 
are obviously connected, it seems highly probable that both are sig nifi nu nt. 










13. Coming now to the local deviations (C — C' of Table II), these are 
exhibited in the diagram of fig. 2, with the exception of the observations for 
W 10. As previously explained, the weight attaching to these last individual 
observations is only slight, and this is well shown by the large and irregular 
residuals, although some of the more striking characteristics, c.g., the dips at 
X 5006 and X 6027 and the peak at X 4903, are clearly shown even in this set. 

The full curve in fig. 2 is drawn through the weighted mean of the values of 
C — C', and in this weighted mean the observations for W == 10 have been 
included. 

The lines of dashes in fig. 2 are drawn so as to join the outermost observations 
of successive wave-lengths so that the area between them includes all observa- 
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tions for W > 10. It will be seen that these upper and lower limiting lines 
oarrespond closely in their characteristics; and in those oases where a peak 
of the lower lino, e.jgr., at X 5060, rises well over an adjacent dip of the upper 
line, e.g,y at X 6006, the existence of a real oscillation in the curve cannot be 
doubted. Indeed it seems probable that most, if not all, of the oscillations 
shown by the full curve are significant. 

In interpreting the diagram it must be borne in mind that the formula for 
C' adopted for comparison has no theoretical justification. Many other formulae 
giving a smooth variation might equally well have been fitted ; all would have 
brought out sharp local variations, but some might have better reconciled 
divergences extending over a wide range between observations of different 
sets. Conclusions must therefore be limited to undoubted oscillations over 
a short range of X. 

Further the ‘‘ scatter of the values of C — C' is largely due to the scale on 
which the ordinates have been plotted, for clearness. It must be remembered 
that the probable error of an individual value of C may well be as great as 10 
millibrewstors in many cases, and is certainly never less than 5 millibrewsters. 

Nevertheless, when all the above considerations have been allowed for, there 
remain the following characteristics which appear to be certainly significant. 

(1) A rise of about 40 millibrewsters from X 4790 to a peak at X 4903. 

(2) A sharp fall of about 70 millibrewsters from X 4903 to a sharply character¬ 
ised dip at X 5006. 

(3) An equally sharp succeeding rise of about 60 millibrewsters to a peak 
at X6050, followed by a fall of about 36 millibrewsters to a dip at 
X5110, 

(4) A general (but more gradual) fall from X 5700 to a dip at X 6027. 

(5) A sharp rise of about 35 millibrewsters from X 6027 to a peak at X 6137, 
followed by a less clearly defined fall. 

14. If we now compare these results with those of the 1924 observations 
shown by fig. 1, in which the interrupted lines of fig. 2 have been reproduced, it 
appears that, although the fall from X 4900 to X 6000 and the maximum near 
X 6150 are shown by the earlier curve, this curve seems in some way to smooth 
out several of the sharp oscillations revealed by the later observations. Has 
might be due to the fact that the 1924 observations happen to have missed out 
some of the actual peaks and dips; if we bear in mind that in fig. 1 theabscissse, 
as well as the ordinates, are liable to error, it is seen that a slight readjustment 
will bring the observations between X 4860 and X 6100 into fair agreement. 
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The curve of dots and dashes in fig. 1, however, which is based on observa¬ 
tions taken at closer intervals, cannot be explained in this manner, and, if the 
discrepancy between figs. 1 and 2 were to be accounted for in this way, the 
correspondence between the silica and the glass (and, after all, it is a priofi 
probable that the silica contained in the latter must produce its effect) would 
disappear. 

The possibility that specimens A and B may not have been identical as 
regards their photo-elastic properties carmot be dismissed without examination. 
Unfortunately the observations of specimen A taken by the second method 
are few in number, this specimen having eventually been discarded in favour 
of the larger and more perfect specimen B, Also these observations belong to 
an early stage, before the method had been improved so as to give all the 
accuracy of which it is capable and their probable error is therefore much higher 
than that of the observations of Table 11. 

Nevertheless, one of the most reliable sets of these observations of specimen 
A was worked out and the corresponding values of C — C' are shown by the 
black dots of fig. 3, which also shows the lines of dashes giving the limits 
between which lie the observations of specimen B, 



Such as they are, these observations of specimen A lie either close to, or 
within, the limits marked by the lines of dashes. The only important deviations 
occur at X 4958 and X 5616 and these are, in all probability, accidental. The 
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dip at X 5000, with the immediate rise on either side, is confirmed, and so is 
the sharp rise from X 4750 to X 4900. The dip and peak at X 6025 and X 6136 
respectively are not shown, but then observations at these points happen to 
be lacking. The peak at X 5192 and the dips at X 6110, 5302 are missing ; 
these, however, being of minor extent, are liable to be obliterated by the errors 
of observation in the present case. 

The important thing here is the character of the variation over the range 
X 4760 to X 5100, and it is clear that the observations of fig. 3 harmonise better, 
in this respect, with the observations of specimen B than with the earlier ones 
of specimen A. 

15. It appears therefore probable that the smoothing out of the oscillations, 
in the original observations, is in some way connected with the character of 
these observations. A re-examination of the method explained in § 5, in the 
light of the results of Table TI, strongly confirms this. 

The stress-optical coefficient was obtained from equation (12), which may be 
written 

C/X = «/(p + Ap)d, (16) 

the roots in X of this equation giving the centres of the dark bands in the 
spectrum. 

So long as there are no turning points in the function C/X, (15) will have a 
well-defined single root for every value of the right-hand side within the range 
considered. 

This is no longer the case if C/X has turning points. Consider the full curve 
of fig. 4, which has been accurately plotted from the weighted means of C 
obtained from Table II. It will be seen that, owing to the oscillations already 
mentioned, there are two turning points of C/.X at about X 5000 and X 5050. 
Now if we draw a horizontal line PQ of ordinate njip + its intersections 
with the curve give the centres of the black bands. As p is increased PQ 
moves downwards, there being only one intersection until PQ touches the curve 
at the upper turning point {X 5050). From this time on there are three inter¬ 
sections, BO that, in strictness, what is observed is a triple band. This state of 
things goes on until PQ touches the curve at the lower turning point (X 5000), 
after which the band is single. 

In practice, however, the eye fails to resolve the triple band, and integrates 
it into a single band, to which it ascribes a fictitious centre. What happens 
is that the region of fairly uniform darkness extends within limits given by 
(n ± v)X, where v is a fraction which may be estimated at between 1/20 and 
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I /40. The values of X which fall inside this region are given by the intersections 
of the full curve of fig. 4, not with a single line PQ, but with a horizontal 

€ 

e 



Fio. 4. 


strip bounded by two parallel horizontal lines P'Q', P''Q" of ordinates 
(n ± v)/{p 4- Ap)(/. When this strip penetrates the peak at X 5050, a second 
band begins to appear to the right of the first one, but so soon as P"Q"' has fallen 
below the level of the left-hand turning point, all that would be visible would 
be a broadening of the band. When P'Q' falls below the level of the right- 
hand turning point this broad band again splits up, the left (or violetward) 
component becoming progressively narrower and fainter. 

Owing to the small range of the oscillation in question (50 A.) and the fact 
that these bands have no sharp edges, the gradation from darkness to light 
being by no means steep, the actual observation of this splitting up would be 
very difficult, and very easily entirely missed, unless the effect was deliberately 
looked for, which was not the case.* 

Some sort of estimate of the error made can be arrived at by considering 
the point R on PQ exactly half-way between the extreme intersections 8, T 
of the strip with the curve. R would porrespond to the centre of a band if 
placed exactly half-way between the limits of “ darkness ” as defined above, 
neglecting any intermediate restoration of light. 

* Nate added November 25, 1930.—By a series of multiple reflaotions, thus iuoreasing the 
path and magnifying the retardation, without the use of quartz wedges, the splitting up in 
question has since been observed. 
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The locus of E is shown by the dotted line in fig. 4. There are, of course, 
two discontinuities, shown by straight horbsontal portions, corresponding to 
the stages where the edges of the strip cross the curve of C/X at the turning 
points. 

If the points R corresponded to the estimated centres of the bands, the values 
of C obtained by the older method would be-derived from this locus, which is 
obviously very different from the original, and, in particular, possesses no 
turning points. It is in fact obtained from the original by a classical process 
of smoothing,’* replacing a pair of points on the curve, at constant vertical 
interval, by the midpoint of their chord. 

It will be noticed also that the locus of E deviates from the original, not merely 
near a pair of turning points, but whenever there is any rapid change of direc' 
tion of the curve of C/X, e.gf., near X 4850 and X 4900. 

It would be unprofitable, however, to pursue this line of argiunent further, 
for the precise manner in which the eye centres such a compound or un- 
symmetrical band is really quite uncertain. Enough has been said to show 
that the result will inevitably be to smooth out rapid oscillations, and we need 
look no further for the cause of the discrepancy between the 1924 and 1930 
observations. 

It is clear that the later method, which is unaffected by this source of error, 
owing to the steep gradient introduced by the quartz, is alone reliable when 
rapid oscillations are in question, and the 1924 results would not have been 
included here had it not been that they connect up with the 1907 observations 
of the glasses 3453 and 3296 and provide the explanation of the irregularities 
observed in these glasses. 

16. The physical interpretation of the anomalous dispersion shown by fig. 2 
is a matter of some difficulty. Filon, in the 1907 paper, quoted previously, 
suggested that there existed a kind of latent absorption band, due to a free 
period of the constituents of the glass, which absorption band was, so to speak, 
brought out by the stress. He was, however, unable to identify this free 
period, owing partly to the difficulty of localismg it from his curve, partly to 
the multiplicity of constituents in his glasses. 

In the present case the limits of thp oscillations are much narrower; the 
highly localised character of these oscillations suggests inevitably that some 
free periods are active; but other difficulties of identification now occur. 
If we follow the analogy of the ordinary curves of anomalous dispersion, a 
single free period causes a single dip and peak, the wave-length of the free 
period coming midway between the two. If we apply this principle to fig, 2, 
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th^ critical wave-lengths should be about 4840, 6025, 5150, 6090 and possibly 
6350, if we associate with each dip the peak immediately on its redward side, 
which is the usual form of anomalous dispersion. 

On the other hand, there is here no reason why the sign of the variation should 
not be reversed, in which case the critical wave-lengths should be about 4680, 
4950, 5090, 6250 and possibly 6200. 

But when wc have to deal with several free periods fairly close together, the 
appearances may depart considerably from the simple peak and dip form. 

This is illustrated by fig. 6, which combines two “ peak and dip ” curves of 
the form 

2/1 = Aiai(X - X,)/{(X - Xi)* + aj*} 
t/2 - Aj«jj(X - Xj)/{(X - X,)* 4- 

the form in question being obtained from any standard anomalous dispersion 
formula, treating X as approximately constant except when it enters into the 
difference X —- X„. This gives a sufficient approximation for our purpose. 



Fig. 6a is calculated from the assumed values Xj = 6040, Xj = 6060, 
= 40 A., a, — 30 A., Aj = 100 millibrewsters, A, = —80 millibrewsters ; 
ffg. 5b is drawn for the same values, except that A, has been taken equal to 
—100 millibrewsters, that is, to — Aj. It will be seen from these figures that 
it is possible, by combining two near free periods with coefficients of opposite 
sign, to produce a sharp peak with dips on either side. Thus the dips at 4980 
in figs. 6a and 6b are actually produced by the pair of wave-lengths 5040, 
6060. We may therefore have these dips (or peaks, by reversing the sign) 
occurring at points some distance away from the free periods responsible; 
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nor do these latter necessarily fall, as in the case of a single free period, between 
a dip and a peak. 

Now the general characteristics of the full curve of fig. 2 suggest that we may 
here have to deal with one or more oscillations of this nature. 

The question which at once arises is whether any of the known lines of silicon 
or oxygen is connected with the effect. Since silica seems alone active in 
this respect among the various oxides which constitute glasses, it would seem 
primafade that we need not consider oxygen, at any rate so far as its atomic 
vibrations are concerned. 

If we now turn to the silicon spectrum, we find (see A. Fowler, ‘ Phil. Trans./ 
A, vol. 225, pp. 1-48 (1924)) that the most intense lines of silicon in the region 
under consideration are :— 

A. Two strong lines at X 5041 and 5056, 

B. Two strong lines at X 6547 and 6371, 

C. Two fairly strong lines at X 4568 and 4553. 

D. Three (weaker) lines at X 5949, 6958 and 6979. 

E. Two moderately strong lines at X 6708 and 5740. 

F. One weak line at X 4717. 

The pair C is practically outside the range of obst^rvation, although, in com¬ 
bination with F, it may very well have influenced the curve between 4600 and 
6000. Groups B and D may be jointly responsible for the peak at 6135 and 
the oscillations in that region, but it is practically impossible to dia^jntangl© 
the effects. The pair E may be associated with the beginning of the marked 
dip from 6700 onwards. The pair A is the one which might be most hopefully 
tiaced, being more or less isolated in this region. It may very well account 
(c/. the dip and high peak, followed by a second lesser dip and a slight peak, 
of figs. 5a and 6 b) for the peaks at 5060, 5200 and the dips at 6000 and 6110. 
It should be remembered, in making such comparisons, that the base-line of 
fig. 2 is largely artificial and depends on the Cq, X^ formula, so that “ dip ** 
and ‘‘ peak ” ate merely relative to neighbouring values, the absolute value of 
C — C' not entering into the comparison. 

In conclusion, although it is not possible to make any positive assertion at 
this stage, we may at any rate state that the observations, so far as they have 
gone, do not rule out the hypothesis that these remarkable local irregularities 
in the curve of photo-elastic dispersion of silica are directly connected with the 
natural periods of silicon. 
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[Note added November 25, 1980.—Thc‘ Hup|>OBitic»u tliat llic local irrcgularitieft 
arc d\ic to the natural periods of the element Hilieon involves the occurrence of 
this element in the atomic state in vitreous silica. Though this appears a 
priori very unlik(*1y, yet it must be remembered that th(» effect is brought into 
existence by stress, and is apparently unconnected with an absorption band of 
the material in its normal state. Jt seems therefore not beyond the bounds 
of possibility that the (‘ffect of stress may be to cause a temporary partial 
dissociation of tlie molecules of silica, in such a way as t o render the free periods 
of the silico!! atoms effective. If, in addition, wc hear in mind (^drilTith, 1921) 
that solids sucfi as glass may contain a multitude of minute (a’ovices. which 
miglit wrll Ik* enlargcKh if not actually originated, l)y stress, free atoms might 
exist in such cr(‘vit‘es, .Vlthough we would imf. be understood to put this 
forward as a definite hypotliesis, tiie above considerations indicate that the 
influeiu^e of f lu* silicon frequencies is not to be summarily rejected on general 
grounds.] 


Bakerian Lec'1'i:re. —77<>e Molecular Strminre of Stryc/mine and 

Brucine, 

lly RoFiBRT Robinson, F.R.8. 

(Delivered May 29, 1980,—MS. received .lanuary 2, 1931.) 

The pn^seiit position in the <levelopment of tiie chemistry of the strychuos 
alkaloids has been reaclu'd only after much stumbling by the way, and, in view 
of the confusion wliich anything but the most attentive study of the whole of 
the literature must begot, tJio time seemed ripe for a survey of the salient 
facts and tlie statement of the argument which can be based upon them. 

Strychnine was isolated from the seeds of Strychnoa Niix-vcmdca by Pelletier 
and Caventou in 1817f and brucine by the same chemists in 18I9J.; the com- 
))osition of these bases was correctly ascertained by Reguault.§ 

Hanssenll showed in 1884 that the two alkaloids are closely related, both 
being convertible by oxidation with chromic acid into an acid, (old 

♦ ‘ Phil. Trans.; A, vol. 221, pp. 163108. 

t ‘ Berz. Jahi’esber.; vol. I, p. 05 (1817); compare also ibid,, vol. 5, p. 237, vol. 8, p. 371. 

t ‘ Borz. Jahresbor.; vol. 3, p. 171 (1819). 

§ ‘ Arm. Chem.; vol. 26, p. 17 (1838). 

II * Bftr. Deuts. Ohem, Ges./ vol. 18, p. 1917 (1885). 

VOI., CXXX.—A. 2 F 
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formula), but it was tlie pioneering work of Tafel* which disclosefl the main 
features of the chemistry of the bases, including one of the throe important 
oxidative degradations, and laid tlown a firm foundation for the labours of 
his succeasors. Among these H. Loiu-hs is pre-eminent and the searching 
investigations of this chemist and liis collaborators have resulted in the 
discovery of signifir^ant step-wise degradations of the molecule by the use of 
mild reagents and in the accumulation of a mass of cogent data relevant to tlie 
constitutional issue. T1 h> meticulous accuracy and thorouglniovss whicdi 
characterise the fifty-seven memoirs which Leuehs Ims publislKHl (1908-1930) 
are in accordance with the highest traditions of the German schools of organic 
chemistry. 

In 1909 the late Professor W. H. Perkin initiat<»d n further attack on this 
difficult problem and the lecturer was privilegtxl to b<^ associate^l with him in 
the enterprise ; the last few years of Perkin's life were almost wholly devoted 
to researches on reduced stry(*>hnine derivatives in which he displayed his 
admirable experimental skill to great advantage. It is hoped that the present 
account will indicate the nature of the progress which was alw^ays confidently 
anticipated by Perkin and a tribute of gratitude and respect is here paid to his 
memory. 

Recently H. Wieland has entered the field, signalising this event by the 
announcement of the discovery of a new Strychnos alkaloid of the formula, 
termed 'i?o/aicinc.t 

The peculiar complexity of the molecular structure of strychnine and brucine 
is produced by the fusion of as many as seven rings and this cannot be matched 
by any other readily accessible natural product; hence the alkaloids are 
puzzles of a unique characiter and it is certain that the solution of these must 
enrich our science both directly and indirectly. A complete elucidation of the 
whole of the arrangement of atoms in the molecule is not yet possible, but 
the disposition of five of the associated rings can be deduced from the ascer¬ 
tained facts; the stages of the argument are submitted in the following 
sections. 


♦ ' Ber. JDeute. Chem. Gob.,’ vol. 23, p. 2731 (1890); ‘ Ann. Ohem./ vol. 264, p. 38 (J891); 
ibid., vol. 268, p. 229 (1892); ibid., vol. 301. p. 285 (1898); Moufang and Taleb ‘ Ann. 
Chem.; vol 304, p. 49 (1899). 

t Wieland and Oortel, ‘ Ann. Chem.,’ rol 489, p, 193 (1929). 
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The Function of the FJitrogen Atoms in the Strychnine Molecnh. 

Strychnine is a mono-acid, tertiary base containing neither • NMc nor * OMe 
groups* ; it forms salts such as the hydrochloride, Cl, and the 

methiodide, C 3 |H 22 () 2 N 2 ‘CH 3 } I. The reduction products are also tertiary 
buses HO that the group — N ^ 0 : is not present. The t<Ttiary basic nitrogen 
atom is designate<l N (b). The other nitrogen atom, N («), is included in 
a cy(;lic amide group, : N (a)'CO-, and its neutral character must be attributed 
to this cin umstance. Tafelt showed that the action of alcoholic sodium 
ethoxidc on strvohuine huids to the formation of salts of the imino-carboxjdic 
acid, strychnic acid, Ca(,H 22 NO(NH) (CO^H), which in a gently heated acid 
solution regtvuerates the base by dehydration, Strychnic acid gives rise to a 
nitrosamine, C 2 oHa 2 NO(N’NO) (COgH). Furthermore the action of alkalis 
on the stryclinine metho-salts furnishes methylstryidinine wliicb is a betainoj 
C 2 oH 22 (N( 6 ) Me) (0) {:N(a)-0().)} I + AgOH - (0) (: Nil) 

(CO 2 ) + Ag I. Methylstrychnine can be further methylated yielding methyl* 
strychnic acid methiodide and the action of silver oxide then gives rise to 
dimethylstryclmiiuv, CaoH 2 a{N( 6 )Me) (0) (N(a)Me) (COa), or methylstrychnic 
acid methyl betaine.§ This latter exhibits tertiary bssicj character and in 
the formation of dyestuffs simulates N-methyltetrahydroquinoliiic. Finally^ 
strychnine is reduced in aqueous sulphuric acid solution at a hmd catlmde to 
strychnidine, C 21 H 24 ON 2 , and tetrahydrostryclinine, the latter 

yielding the former under the influence of phosphoryl chloride.|| Now strychni¬ 
dine is a di-acid, di-tertiary base that suffers no change on treatment with 
alcoholic sodium ethoxide, and the changes of composition and in properties 
that have been mentioned indicate that strychnidine is C 2 oH 220 N(N(a)‘CH 2 ) 
and tetrahydrostrychnine would then be C 2 QHa 20 N(NH) (CH 2 OH). This 
course of the electrolytic reduction of amides is in accord with analogy and 
has been observed with synthetic compounds of known constitution. 


♦ HhouHtone, * J. Chom. vol. 43, p. 101 (1883); vol. 47, p. 139 (1885), 
t ‘ Ann, Oheni,/ vol. 204, p. 33 (1891); Loobisch and Suhoop, ‘Monatsh,,' vol. 7, p, 009 
(1880). 

t ‘ Bar. Deota. Ohem. Ges..’ vol 23, p, 2731 (1890). 

§ Tafol, toe. cit. 

II Tafel and Naumann, * Ber. Deuls. Ohem. Go«„’ vol 34, p. 3291 (1901); Tafol, * Ann, 
Chem.; vol 301, p, 285 (1898). 
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The Unsatnrated Cfutracter of Strychnine, 

The reduction of strychnine and its simple derivatives by liydrogen in the 
presence of catalysts discloses the fact that these bases contain one ethylenic 
linkage. 

Thus in presence of j)alladiniscd charcoal strychnine, stryclmidine and 
t/etrahydrostrycl)nine are converted into dihydrostryclinine, dihydrostrychni- 
dine-A, and hexahydrostrychnine respectively.* Further electrolytic reduction 
of dihydro3tr)^chnine furnishes dihydro 8 tr 3 ’chnidine-A and hexaliydrostrychninc, 


relations that are illustrated in 

the scheme : 
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The Function of the Oxygen Atom, of Strychnidine, 

Dihydrostrychnidine-A atid the isomeric dihydrostrychnidine-B which is 
obtained by the prolonged action of boiling hydriodic acid and phosphorus on 
strychnidinet are quite inactive towards all reagents for the carbonyl and 
hydroxyl groups and must therefor© be ethers. TafelJ has shown, however, 
that oxygen-free bases can be obtained by the application of certain vigorous 
reduction processes to strychnine without disruption of the molecule. There¬ 
fore the ether group is cyclic and the oxygen atom of strychnine not included 
in the amide group must also possess poly-alkylene oxide function because 
there is nothing in the nature of the processes necessary for the conversion of 
strychnine into dihydrostrychnidine which could account for the formation of 

* Skita and Franck, ‘ Ber. Deuts. Chem. Ge«./ voL 44, p. 2863 (1011); Oxford, Perkin 
and Kobinson, * J. CJiem. 8oc./ p. 2389 (1927 ); Wieland and Miinster, ‘ Ann, Cham.,* 
vol. 480, p, 39 (1930); Achmatowicz, Fawcett, Perkin and Robinson, ‘ J. Cham. Soc.,' 
p. 1769(1930). 

t Perkin and Robinson, ‘ J. Cliem. Soc.,* p. 904 (1929). 

t ^ Ann, Chem.,* vol. 301, p. 286 (1898), 
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a new ring containing oxygen. Moreover the inert character of the oxygen 
atom of dihydrostrychnidine is displayed also by that of strychnidinc and by one 
of the oxygen atoms of strychnine. As seen below keto-groups and hydroxyl- 
groups occurring in strychnine derivatives are not difficult to recognise when 
they appear in transformation products (compare strychninouic acid, strychni- 
done, dihydro^5ostrychnine and many other oxo- and hydroxy-bases and 
acids). The argument from the behaviour of stryclinine and brucine and 
their simple derivatives appears to be greatly strengthened by the following 
considerations relating to the Louchs degradations (q.v. infm), 

Strychninolic acid, C 2 lH 220 Q^^ 2 , is obtained from strychnine })y means of a 
permanganate oxidation followed by reduction of the product with sodium 
amalgam ; if it is found to contain an ether group then it will be conceded that 
strychnine must contain that group also. Now strychninolic acid is a secondary 
alcoholic moaocarboxylic acid which neither per se nor in the form of derivative's 
poss(\ssos basic character and thus should contain two :N-C() groups. The 
acid may therefore be represented by the formula, Ci 7 HjeO(N’CO) 2 (CH^OH) 
CO 2 H. Heated with aqueous sodium hydroxide, strychninolic acid is decom¬ 
posed without hydration or dehydration into strychuinolone, CiaHi 6 (N*CO )2 
(CH*OH), and glycollic acid, CH20H*C02H. The conditioiis employed were 
so mild that opening of amide groups by hydrolysis in the course of tlie process 
was very improbable and there is no reason to reject tiie obvious view that tlie 
carboxyl of the glycollic acid obtained in the fission is the free carboxyl of 
strychninolic acid. 

The formation of glycollic aedd could be represented in the following three 
ways:— 

(1) (0H)R-CH2*C02H 1 

(2) (H)R*CH(()H)-COaH I R + CHgOH CO2H. 

(3) (H)R*0*CH2*C02H J 

All these possibilities imply the formation of a double bond or ring in strychni- 
nolone not contained in strychninolic acid, and actually it is a double bond that 
is formed as shown by the course of the oxidation of 0-acetylstrychninolone 
by means of permanganate (Leiicha), and also by the fact that strychninolic 
acid is unchanged by catalytic hydrogenation, whereas strychuinolone yields 
a dihydro-derivative (unpublished observation). 

Scheme (1) is unsupported by analogy unless it be assumed that the group 
N'CHg-COgH is present in strychninolic acid, and even then the simultaneous 
dehydration is perplexing in view of the fact that strychninolone does not 
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contam the group C ^ N but rather C — C. Further this scheme requires 
that strychninonic acid should contain a hydroxyl group in addition to a 
carbonyl group, and there is no evidence that can be adduced in favour of such 
an assumption. Scheme ( 2 ) is likewise highly improbable since, on this basis, 
etryohniiiolic acid would contain two secondary alcoholic groups, and because 
strychuinolic acid does not exhibit the properties of an a-hydroxy acid. 

A by-product in the permanganate oxidation of stryclminc is dihydro- 
strychninonic acid, a stisreoisomeride of strychninolic acid capable of further 
oxidation to strychninonic acid. 

Dihydrostrychninouic acid yields, on treatment with hot dilute aqueous 
sodium hydroxide, wfostryt^hninoione, atcreoisomeric with stryelminolonc and 
these relations indicat<^ tliat the secondary alcoholic groups of strychninolic 
acid and of dihydrostrychninonic acid, which are the cause of the stereoisomerism 
of these substances, persist unchanged in strychninolone and i^ostrychniuolonc. 
Thus in scheme (2) the —CH(OH)—• of the a-hydroxy-acid group is not the 
group that is oxidised when dihydrostrychninonic acid yields strychninonic 
acid, and if we accept this scheme it becomes necessary to assume the stability 
of an a-hydroxy-acid to permanganate under conditions that suffice for the 
attack of another secondary alcoholic group. Such an assumption offers 
very great difficulties and hence scheme ( 2 ) must be excluded. 

There are no objections that can be raised against the adoption of scheme 
(3) and thus a consideration of the Leuchs degradation affords strong support 
to the view that strychnine contains an etheric oxygen. 

At this stage it may be noted that the Curtius degradation of dihydro- 
brucinonic acid furnished results* that indicated the occurrence of the group 
; N'CH 2 *C 02 H or 'O CHg'COgH in the acid. The decomposition referred to 
proceeded in the following manner:— 

X O CHa CO Na + 2 H 2 O X OH + CH^O + Nj + COj + NH 3 . 

The decomposition, 

: CH - C O CHa COgH : C C : f HO CHyCO^R, 

is in itself an unusual type of reaction and since the double bond formed is 
not part of a new aromatic nucleus we are forced to believe that the carbonyl 
groups of the amide systems play a part in facilitating the process. 


* Leuohs and Kanao,' Ber. Deute. Ghem. Ges./ vol. 61, p. 1313 (1924), 
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Thus analogies lead to the view that the significant part of the stryohninolic 
acid to strychninolone decomposition is to be represented by the expression: 

: N OO CH C: N CO C = C : + HO CHj-COgH. 


Tha group : N(a)‘CO*CH:j*, in Strgchniue. 

Stryclmino (and some of its simple derivatives but not strychniditic) con- 
densos readily with benzaJdehyde in alcoholic solution in the presence of 
potassium hydroxide and affords benzylidenestrychnine.* 

+ Fh CHO - + HjO. 

Since strychnine contains an ether oxygen atom, the* activation of the methylene 
group cannot be attributed to a keto-group but must be due to the cyclic 
amide group. It is well-known that oxindole forms arylidene derivatives 
with (»ase and cyclic; amides, for example N~methylpyrrolidone undergo the 
Claisen tv{)e of coudensationH with fa(;ility. The yellow colour of benzylidene 
strychnine and of l)enzylidenebru<une affords an additional argument in favour 
of our thesis because the group, : N-(X)*C: OHAr, is a weak chromophore in 
derivatives of cyclic amides. 

Therefore strychnine must contain the group : N(a)*CO — CH^*, which 
becomes ;N‘0O ‘OrCHPli in the condensation with benzaldehyde. 

Strychnine conUdm a Banzem*^ Rhig atiuched to : ii(a)VjO^ ^ with an Unsubstituifd 

Position pwra to N(a). 

A compaj’ison of the reactions of strychnine with those of strychnidine clearly 
proves that the bases stand in the relation of acylaniline derivative to alkylani- 
line derivative. Thus strychnine is readily halogeuated,t sulphonatedj and 
nitrated,§ but it does not couple with diazoaium salts and it is not oxidised by 
ferric salts in weakly acidit; solution. 

On the other luind strychnidine is readily oxidistnl (like some alkylated 
tetrahydroquinoline derivatives) by ferric chloride and it couples with diazo- 
benzenesulphonic acid to an azo-compound resembling methyl orange in its 

♦ Perkin and Eobinsou, ‘ Chem. Soc*/ p. mi (1929). 

t Minuiuii and Ortoieva, * Gazz. Chim./ voJ. 80, p, 39 (1900). 

I StOhr, ' Bor, Deuts. Ghem. Ues.,’ vol. 18, p. 3430 (1885); Leuoha and hkilmeider, 

' Ber. lleuts. Chem. Ges,,' vol. 41, p. 4393 (1908), vol, 42, p. 2081 (1909); Leuolui and 
Wutke, ‘ Ber. Bout*. Chem. Ges.,* vol. 45, p. 3886 (1912). 

§ Glaus and Glaesuer, ' Ber. Dents. Chem. Gee.,’ vol. 14, p. 773 (1881); Tafel, ‘ Ann. 
Ghem.,» voL 301, p, 285 (1898), 
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indicator properties. More conclusive still, the aminostryclmidine obtained 
on reduction of the azo*compound simulates p-aminodimethylaniliue and gives 
rise to analogues of toluyleue blue and toluylent^ red.* 

The betaines methylstrychninc and dimethylstrychninc resemble strychni- 
dinc rather than strychniiu^ in these reactions, thus Tafel found that ben^salde- 
hyde condensed with dinicthylstrychniae to give the leu(JO-base of a dye of 
malachite green type.f 

The picric acidf and 3 : 5-dimtrobenzoic acid§ that are obtained by the 
action of hot dilute nitric acid on stryclmine clearly owe their formation to the 
following degradations:— 



The reduction of the amino group in tJie latter rea<^<tion is not unique and 
is paralleled by the formation of nitroanisic acid in a nitric acid oxidation of 
harmaliue. Mention should also be made of other fission products, for example^ 
indole, carbazole and quinoline bases from strychninell and methylstryohnine,^| 
aU at rather high temperatures. 


Oxford, Perkin and Kobirwon, Cfaem, Hoc.,* p. 2408 (1027). 
t Tafcl, ' Her. Deuta, Chem. Gos./ vol. 23, p. 2731 (1890). 

X Shonstone, ‘ J. Cliem. Soo./ vol. 47, p. 139 (1885). 

§ Menou, Perkin and Pvol>in»on, * J. Chem. Soc.,’ p. 842 (1930). 

{| Goid8ehmidt. ‘ Ber. l>eutN. Chem. Oes.,’ vol. 15, p. 1977 (1882); Loebisch and Sehoop, 
‘ MonatBh.; vol. 7, pp. 75, 009 (1886); Stohr, ‘ Ber. Deuts. Chem. Oes..’ vol. 20, pp, 810, 
1108,2727(1887); Loebisch and Malfatti, ‘ Monateh.,* vol. 9, p. 626(1888); Scichilone 
and MalfaUi, ‘ Gazz. Chim.,* vol. 12, p. 444 (1882). 

Clemo, Perkin and Eobinsoii, * J. Chem. Soe.,* p. 1625 (1927). 
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Strychnine and Brucine contain respectively the groups 



McO 

MeO 


/\r = 


^N-CO. 


Brucine is dimethoxystrychuine and most of the strychnine chemistry is 
mirrored in that of l)ru(une ; the chief differences are naturally noticed in 
connection with changes affecting the aromatic nuclei. Hanssen was the 
first {loc, cit.) to demonstrate that by destriHition of the aromatic nuclei 
strychnine and brucine afford one and same acidic product; his work was for 
a time undeservedly discredited but it has recently been confirmed and 
elaboratfid in an elegant manner by Leuchs’*' and by Wieland.f Thus the 
molecules of the alkaloids are even configurationally identical apart from the 
two raethoxyl groups. 

The course of the breaking-up of the ring in brucine by means of nitric acid, 
bromine, chromic acid and potassium permanganate has been studied 
in great detail by LeuchsJ and the following tables illustrate sonu*, of the 
results. 

In accordance with a recent suggestion of Lemihs the parent base 
(•CO*N(a)*CH 2 -CH 2 *C : ) (CigHj^ON) which may hypothetically be derived 
from strychnine, (•CO*N(u)*C(jH 4 *C : ) (C^aHigON), by removal of four carbon 
atoms of tlie benzene ring, is termed micine. Nucidine is the related base 
(•CH2-N(a)*CH2-CH2*C i) 


* Leuchs and Ktdhnke, * Bw. Deuis. Chein. Gee.,’ vol. 02, p. 2170 (1029). 
t Wieland and Miinster, ‘ Ann. Chem.,’ vol. 469, p. 216 (1929); Cortege, ‘ Ann. Chem,,’ 
vol. 476, p. 280 (1929). 

t Ijeuchs and Geiger, ' Bor. ]>outH. Chem. Gos.,* vol. 42, p. 3067 (11K)9): Leuchs and 
Weber, ‘ Her. Dents. Cheni. Gos.,’ vol. 42, p. 3703 (1909); T-rf^uchs, Mildbrand and R. 
Leuchs, ‘ Her. Dents. Chem, Ges.,’ vol. 56, p. 2703 (1922); compare Hanssen, ‘ Ber, Dents. 
Chom. Ges,/ vol. 20, p. 452 (1887), and Ciusa and Scagliaiini, ‘ Atti. R. Aecad.,’ Lincei, 
vol. 19, p. 504 (1910); Leuchs and Taubc, * IW. Douts. Chem. Gos..’ vol. 57, p. 1092 
(1924); Leuchs, ‘ Ber. Douts. Chem. Gee,,’ vol. 58, p. 1730 (1925); Ijeuohs, Bender and 
Wegener, ‘ Ber. Deuts. Ohem. Ges.,’ vol. 61, p. 2353 (1928); Leuchs, ‘ Ber. Deuts. Chem. 
Ges./ vol. 62, p. 1929 (1929); Leuchs and Hofmann, ‘ Ber. Douts. Chom. Qes.,’ vol 62, 
p. 2307 (1929), vol. 63, p. 440 (1930). 
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/ 


\ / 


. CJ1„0N 


N-CIT, 


^ |C.,H..0N 



St ryebnidine 

2 .* 3-Diketonuciditic 

\ 

\ 

red. 




1 



ro,H — IC„H„ON 


.h„on 

FT 

CH (OH) 

1 i 

/ 


NH—CH; 

cp j 




Carboxy' apo-nucidit^e ^N- " CHj 

^ *■ “ 3> hydroxynuc.idine 


Tlier<^ arc many further traasformatioiis ; thus the maleinoid group of the 
llansscni (hu-acid may bv saturated or degraded by oxidation with formation 
of oxalic acid. Many of the iiucine and nucidine derivatives may be oxidised 
by bromiiK‘ water at the original strychnine doubl<‘ bond in the C,4 HjhON 
complex ; the products are aldehydes tiapable of further oxidation to acids by 
means of yellow mercuric oxide. This (u)afirms the presence of the group, 
— OH ™ X, in strychnine (compare, however, the section, Advem’ Crnmdera- 
lions, below). 

The position of the methoxyl groups in brucine has Ixhui deduced as tlu; 
r(‘sult of a comparison* of the colour-reaction of the base and nitric acid with 
thosti iixhibited by various synthetic N-acotyldimethoxydimethyltetrahydro- 
fjuinolines in like circumstances. This comparison was decisive in favour of 
tlie formulae given above in the text. 


Dinitrosirycholcarboxylic A(yid and its Deyuulatwn to Dhutroisatiu. 

The first action of liot diluti* nitric acid on strychnine is the formation of 
nitrostrychninet and then of dinitrostrychninc hyilrat(%:|: a carboxylic acid 
capable of esterification§ {.iVr^N(a)*CO- {N0a)2Ar-NH COj,H*}; subse- 

♦ Lions, Perkin and Kobinson, ‘ J. Chem. 8oc,/ vol. 127, p. 1168 (1025). 
t lioebiseh and 8choop, ‘ Monatuh*,* voL 6, p. 846 (1885). 

X OlauB and Glaasner, ‘ Ber. Deuts. Chem, Ge«.,’ vol. H, p. 774 (1881). 

§ Tafel, ‘ Ann. Chem.f vol. 301, p. 286 (1898). 
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quently oxidation occurs and the chief product is dinitrostrycholcarboxylic 
acid, CoNH 2 (N 02 )a (OH^ COaH * 

The groups indicated in this expression have been recognised by some of 
the usual methods, the carboxyl group by expulsion of carbon dioxide yielding 
dinitrostrychol, C 9 NH 3 (N 02 )a( 0 H) 2 , the nitro-groups by reduction to amino- 
groups, one phenolic hydroxyl group by ether formation, whilst barium dinitro- 
strycholate appears to have the composition, C 9 NH 3 (N 0 a) 2 ( 02 Ba) indicating 
a second hydroxyl group. The hypothetical parent substance strychol has 
the composition of a dihydroxyquinoline or dihydroxy^yoquiuoline and clearly 
one of the so-called hydroxyl groups may be in the tautomeric — NH-CO — 
system. 

The esterification of dinitrostrycholcarboxylic acid with ethyl alcohol and 
sulphuric acid introduces two ethyl groups yielding ethyl dmitro-0-eth}d- 
strycholcarboxylate, C9NH2(N02)2(0H) (0 Et) C02Et and application of the 
Curtius reaction to this ester furnished the urethane, C9NHa(N02)2(0H) (0 Et) 
NH’COaEt, which in its turn by hydrolysis and oxidation by acid permanganate 
afforded dinitroisatin, 

(N0a)2 

|_ _CO 

which is oxidised by nitric acid to picric acid. 

This transformation clearly proved that strychol is a dihydroxyquinoline 
{or taut<)meride) with both hydroxyls in the pyridine nucleus, and the following 
formula) for dinitrostrycholcarboxylic acid alone call for consideration. 


OH CO.H OH 



It is possible to replace the carboxyl group by nitroxyl and thus obtain tri- 
nitrofttrychol, C9NH2(N02)3(0H)a. 

According to (I) this substance should be 3:0: 8-trinitro-2:4-dihydroxy- 


♦ I^uchs and Hintise, ‘ Ber. Deute. Cheni. Gea.,’ voL 62, p. 2204 (1910); Leuchs and 
Krdhnke, ‘ Ber. Deuts. Chem. Ges.,’ voL 62, p. 2170 (1929). 
t Mcnon, Perkin and Robinson, loc, cit. 
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quinoline but a compound of this constitution was synthesised and found to 
differ from trinitrostrychoL* 

More recent as yet unpublished synthetic work also appears to exclude the 
formula II and to indicate that III is correct but the decision between these 
alternatives is not material for the purposes of the present discussion. 

Conelmiom from the Results of the NitrU' Acid Oxid'aHon. Posilioyi of N(6) 

relative to N(a). 

The (hiduction from the foregoing section is that strychnine is a quinoline 
derivative and the recorded formation of indole from strychnine does not 
militate against this vi(*w because several instances of the ready production 
of indole from quinoline. deriv’'ativeH have been placed on record. Accepting 
this, it seems quite natural that the a* or y-positions in the pyridine nucleus 
should bear hydroxyls in the nitration oxidation product, but the hydroxyl 
in the ^-position, common to formulre 11 and III, is curiously situated and a 
special explanation of its origin appears to he (tailed for. 

It might mark tlu^ position of the ether oxygen in the strychnine molecule, 
but a few trials will show that this is an unworkable proposition and the 
I)iece8 have not been found to fit together on this basis, 

Tlie alternative that the hydroxyl in the (3-position is a relic of N(6) is adopted 
as a working hypothesis; it leads without further assumptions to the part 
skeleton : 


.C 

/ 



CO-CHi' 


Here the a-pouition in the quinoline ring cannot be the site of the —N(a)'CO— 
group because we have seen that this group maybe expanded to —N{a) • CO • CHj. 

The Leuchs Degradation.'^ 

Oxidation of strychnine by means of potassium permanganate in acetone 
solution affords strychninonic acid, CjiHg0OjNj, dihydrostrychninonic acid, 
• Ashley, Perkin and Robinson, ‘ J. Chem. Soc.,’ p. 382 (1930). 
f Leuohs, ‘ Ber. Douts. Chom. Ges.,’ vol. 41, p. 1711 (1908); Leuohs and Schneider, ‘ Ber. 
Dents. Chem. Gos.,' vol. 41, p. 4393 (1908) ; vol. 42, p. 2494 (1909); Lenohs and Weber, 
ibid., p. 3703; Leuchs and Reich, ‘Ber. Dents, Chem. Ges.,’ vol, 43, p. 2417 (1910); 
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CajHjaOeNa, and a number of other substances in small relative proportion. 
Strychuinonic acid is a ketone (semicarbazone, oxime, reduction to secondary 
alcoholic stryohninolic arid, CgiHajO^Ng) and a mono-carboxylic acid (asters). 
Leuchs was long of the opiiiion that it was a dicurboxylic acid, but all attempts 
to prove this failed, and a second carboxyl group could only bo demonstrated 
after the addition of a molecule of water; evidently due to the hj'drolysis of 
an amide group. It is saturated to permanganate and reasons hav(‘ already 
been advanced for the belief that it contains the group C-”()-“ 0 H 2 *CO 2 H. 

Its esters have no basic character and we therefore assume two .N'CC)--" 

groups. The acid may be written C\ 0 H, 7 (N-GO) 2 (CO) O’CH 3 ('O 2 H, and it 
must be formed from stryehnim* by the oxidation of 

' C ■ C 

\ \ 

O^CH-CHvO— to CO and COgHCH.lV- 
/ ^ / 

: 0 ; (^ 


and by oxidation of ^ N( 6 )’CH 2 -- to —N(6)*(>0—. 

The formation of dibydrostrychninonic acid is very interesting and timv. 
are two possible explanations of it each leading to the same conclusion. The 


iC 

\ 

group C “ CH’CHo^O— might 


:C 

\ 

become C(OR) * CO • OH. • () aTul 

/ 

•C 


then suffer hydrolytic fission ; in accordanc^e with experitmcc this w^ould be an 
improbable reaction unless the system were 

-CO^C(OH)*CO*OH2*0- 



when it would be plausible. The carbonyl group to the left could not be that 
of •N(a!)-CO- because this is joined to a methylene group and therefore it 
should be the newly formed carbonyl of the —N(6)*C0“- system. 

Leuchs and Broweter, ‘ Ber, Douts. Chera. (kss.f vol. 45, p. 201 (1012); Ijouchs and Peirce. 
ibid., pp. 205S, M12 ; Leuchs and Rauch, ‘ Bor. Chem. Gtw.,’ vol. 47, p. 370 (1914); 

Louche, ibid., p. 53(i; Ijouohs and Sohwael)©!, ‘ Ber. Deut«. Chem. Oee.f vol. 47, p. 1552 
(1914), vol. 4S, p. 1009 (1915) ; Leuche and Bondixsohn. ‘ Bor. Deuta, Chem. Gg«.,’ vol. 
52, p. 1443 (1919); Leuehft and Ritter, ibid,, p, 1683; Leuchn, Holiriegel and Heering, 

‘ Ber. Deuts, Chem, Gea.,' vol. 64, p. 2177 (1921); Ijouoha and Nitechke, ibid., p. 3738; 
Leuehfi, Glodkom and Holiriegel,’ ‘Ber. Deute. Chem. Oes.,’ vol. 50, p, 2472 (1923); 
Leuohs. ‘ Ber. Beuta, Chem. Oes.,* vol, 02, p. 407 (1929), 
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Alternatively we might suppose the oxidation to go to the stage 
• N(5) • CH(OH) ‘ CO • and the alcoholic group to be then formed by an oxidation- 
reduction procoHH, In either case we find that strycluiine contains the group 

•N(6)‘CH2-0 crCfl.CHg-O-. 

•(b 

This view of the relation of N(5) to the imsa turn ted centn» is supported by 
other considerations mentioned below. 

Exactly corresponding to strychninonk^ ain<l and strychniuolie acid are 
brucinonic ac’.id and its reduction product brucinolic acid, (MeO)^ C,gHj5(N-G0)2 
(CH*OH) and this latter is decomposed in hot alkalitu^ solution 

yielding brucinolone, (MeO) 2 C\gH| 4 (N‘CO) 2 (CH*OH), and glycollic. acid. 

The strychninolone and brucinolone first produced are lal)ile, laung (onverkHl 
by the aetion of basic catalysts, for example, methyl alcoholic^ ammonia, into 
isomerides. 

In the strychninolone series the first product is strychnirioloiie-n ; this passes 
readily into >strychninoloue'6 and with more difficulty into strychninolone-c. 
In the brucine series the corresjKmding isomerides are brucinolones-a and b 
and cryptobrucinolone ; ?>obru(‘inolone is deriverl from dibydrobnunnonic 
acid. 

Leuchs has clearly demonstrated that the a-isomorides contain tlie group 

c; 

/ 

•N'OO 'OH -- CH — CH and that the change to the i-isomerides is due to 
\ 

g; 

g: 

the wandering of the double bo?id giving the system 'N'GO-CHg-GH “ C 

The formation of strychnlnolone-c and of cryptobrucinolone involves a 
return of the double bond to its original position and some other change must 
occur in the molecule. 

The change from strychninolone-a to strychninolone-ft proves that the 
Py-phasc of the so-called three carbon system possesses considerable stability, 
and this is in harmony with the results of recent researches of Kon and Linstead 
who have indicated the factors influencing the equilibrium and among them 
found that alkyl-substitution of the y-position favours the fiy-form, 

Leuchs oxidised the 0-aoetyl-derivatives of the strychninolones and bruci- 
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nolones and the following two examples will serve to illustrate the nature of 
the evidence so obtained. 


r„Hi3(GH-()Ac)(N-CO) 

Acelylstrt/chninohiw-ii 

C,iH,3{CH-OAc){NCO) 


NCOCH =CH-CH 


/ 


C: 


\ 


Oi 


KMn 04 


N CO COjH OO2H CH 


c: 


\ 


Hydrolysis 


Ci,Hi3 (CH-OH)(N-CO) 
An Amino-acid 


C: 


/ 

NH COoH CH 
\ 


c; 


c: 


+ CHgCOjH + (COjH)* 


Ci,Hn(OMe)j(CH- OAc)(N*CO) 
Aceiylbrucinolone-b 

0 i,Hu(OMe)2(CH • ()Ac)(N • CO) 
Aoetylbrucinolonic Acid 

CuHi,(0Me)8(CH'0H)(N-C0) 

Base termed Curbine. 


Ci 


N-CO-CHa-CH^C 


/ 

I 

\ 


C: 


KMn 04 


N CO CHa-COaH CO 


C! 

/ 


\ 


Hydrolysis 


c:n 


/■ 

NH CO 
\ 


C: 


+ CHjCOjH 


c: 

+ CHa(CO,H),. 


Obviously if the earlier deductions respecting the relation of N(6) to the 
unsaturatod linkage of strychnine are sound it follows that the N-CO in the 
right-hand bracket in the above fotmuiss must be N(o)’CO. The mobile 
double bond is certainly that produced when glycollic acid is eliminated from 
strychninolic acid so that it is necessary to assume that strychnine contains 
the group 

■N(a)’CO-CHa‘CH - O CH,-CH C:. 
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The ether oxygen cannot be attached in the a-position (benzylidenestrych* 
nine) and attachment to the y-position is improbable since strychninolone-a 
is the primary product of the decomposition of strychninolic acid, 

Furilmr Eiiulemc bearing/ on the Propinquity of the Ether Oxygen and N(a)CO 

in the Molemlar Stmclure. 

The ctlier oxygen in stryclmidine is remarkably firmly held but in strychnine 
it enters into several transformations and this contrast argues a close connection 
of N(a) -CO and the ether oxygen atom in the molecule. 

Thus under the influ<mee of basic catalysts strychnine and dih 3 "drostrychnine 
yield respectively isostryehnnw^ and dihydro/afostrychninc.t It is possible 
to show by the formation of O^acyi-derivativesJ that these bases contain an 
alcoholic hydroxyl group and this can only be derived by scission of the oxide 
ring. 

The reaction is not yet fully understood but the inrplication of N(a)*tX) in 
the process is clearly indicated by the fact tlxat neither wostrychnine nor 
dihydro/^fostrychiiine can be condensed with benzaldehydc.§ N(a)»CO remains 
(isostryehnic acid) so that it is the attached methylene grouji that is modified. 

Again, whereas strychnidine on reduction witli hydrogen iodide and phos¬ 
phorus yields only diliydrostrychnidine-B the ctlier oxygen remaining intact, 
strychnine, affords under these conditions desoxystTyclmine by removal of 
the ether oxygen and further reduction : 02iH22^^2N2 1 6H — CgiHa^ONa+HjO. 
Desoxystrychnine still contains (a) *00 as shown by its colour reactions, 

its mono-acidic tertiary basic character, its hydrolysis to desoxystrychnic 
acid and its reduction at a lead catliode to dihydrostrychnoline, 

To derive its formula from that of strychnine we replace the ether oxygen by 
two hydrogen atoms and saturate the double bond. 

Furllicr Evidence hearing on the Relation of N(6) to the Ethylene Linkage of 

Strychnirn^, 

The metho-salts of strychnine and strychnidine and of their dihydro¬ 
derivatives and the brucine analogues of these substances react with sodium 

* Tafel ‘ Ann. Cbem./ vol. 204, p. 33 (1891) ; Bhcovcscu and Pictet, ‘ Bcr. Deute. Cliem. 
Oes./ vol 38. p. 2787 (1905); Jjeuchfl and Nitschke, * Ber, 3>eut0, Chem. Gob.,’ vol 55, 
p. 3171 (1022). 

t Oxford, Perkin and Robinson, loc. cU, 

J Ciusa, ‘ Atti. R. Acad., Lincci/ vol 28, p, 185 (1919), and Oxford and others, lot. cil 

§ Aehinalt>wio7., Davies, Perkin and Robinaon (unpublished). 

II Tttfel, ’ Ann. Chom.; voi. 268, p. 229 (1892), vol 301, p. 285 (1898), 

vot. exxx.—A, 2 a 
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methoxide in methyl alcoholic solution in such a manner that ring-scission 
occurs by the addition of methyl alcohol and in accordance with the scheme 

f\ / \ / 

MeSO. 1 N Me -- C ~ 1 NaOMc -►NMc MeO-C-^- + NaMeS 04 . 

i / \ / \ 

The reaction 0 (‘curM more readily with strychnine and stryclinidine inetho- 
salts than with their dihydro-derivatives but the point which is of special 
interest concerns tlic n^lative stability of the methoxyl groups in the unsaturated 
and saturated derivatives, 

Methoxymethyldihydrofitrychiiidint* prepared as described from strychnidine 
yields an isomeride of methylstrychnidiuium hydrogen sulphate when its 
solution in dilute sulphuric acid is boiled. This very ready hydrolysis of the 
methoxyl group stands in sharp contrast with the great stability of the same 
group in methoxymcthyltetrahydrostrychnidine. This base is quite unchanged 
by hot aqueous mineral acids.* 

The influence of the double bond on the nuithoxy group recalls the properties 
of benzyl methyl ethers and allyl methyl ctliers and is in harmony with the 
suggestion that methoxymethyldihydrostryclmidine contains the group 
MeOC-C^C:. 

A further point woi-thy of notice is that methoxjunothyldiJiydrostrychnidme 
can be reduced at a lead cathode in acid solution to its dihydro-dcrivative 
but the same is not true of strychiiidine. This is attributed to the influence 
of the methoxyl group on the reducibility of the double bond and is 
confirmatory of the general thesis that N (6) and the double bond arc in the 
relation (6 )*C»C = C : . 


Conibifuiiian of tfie Mdecukr Fra^fnenU. 

In tin; foregoing sectiojis it has been indicated that strychnine contains the 
following fragments: 

:N{ 6 ) - C - 6 == C : 


/V V 




^ N(a) 


-C: 


:(\ 


•;C/ 


N(6)-CHs- 


:N(a) • CO-CHj 


Ci 


:N(a)-OOCHjCHCH 


/ 


\ 


c: 


O-CHj CH = C : 


* Clemo, Perkin and Robinson, loc, cit .; Ouliand, Perkin and Robinson, ‘ J. Chem. Soo.,’ 
p. 1627 (1927). 
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These may be combined in the following manner : 






^ N CH 


CH 

I 

CO-CH,-CH—0*CH, 


I'wo of the carbon atoms in this structure are superfluous and on removing 
them an expression with five fused rings is obtained ; to this we may safely 
add two hydrogen atoms giving the annexed formula) for strychnine and 
brucine. There is definite evidence of the CH group in poeition -4 of nucino 
(sec above). 


\ CH 

V ^CH., 


VA A 

^ N CH CH 


CO fW .CH, 
CH, 'o' 

iStryclinine. 


Cdl^An 

I 


McO 


MeO 


.'x CH N 

\/ ^ 


B C 


CH, 


/'■'n /^\ -A 

N CH CH 

D I E 

Cp CH CH, 
CH, 0 
Brucine. 


There is no (ividcuee of tlie dispo,sitiou of the atoms of the group Cail7 but 
they must be added so as to introduce two new rings because the alkaloids 
contain only one double bond. 

There is no difficulty in constructing a number of the possibilities, bearing 
in mind the probable similarity of the skeletoiui of cinchonine and strychnine 
and the desirability that the model based on the formula shall bo unstrained. 
It is not, however, the object of the present discussion to stray into these 
regions of speculation. 

Nevertheless it is found that the approximate sliape and dimensions of the 
discoid molecules, as estimated from the various models of particular formulne 
based on the general expression, do not vary over a wide range. 

The lecturer is very much indebted to Miss T. C. Marwick, who examined 
by X-ray methods crystals of strychnine prepared by Miss H. Gilchrist, and 
reported that the unit cell contained four molecules and that the dimensions 

2 a 2 
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of the cell wtTc sucli thaf four luoleculcs of the shape and hIzg suggested by one 
of the more plausible fornuiLc could be conveniently at^comrnodated in it. 

In tlie foregoing development no attempt has been made to cov(’r the whole 
field of the chemistry of these alkaloids, altliough it is believf*d that the proposed 
structures adequate!}^ summarise what is certainly ascertained in regard to 
them. Investigations made since the formute w\^r(‘ propounded have provided 
cojifirinatory evidence and two examples may be cited in conclusion. 

It has been found that the Hanssen-Ojfi Acid cannot be esterified in the usual 
manner in that the alkyl group passes to N (6) with fonnation of a betaine.* 
This shows that the carboxyl group and N (b) are (dose to ojie another in the 
molecule. The relation of the carboxyl in question to N (i) on tlie basis of th<j 
new strychnine formula is shown in the part scheme ;— 


CH 

CO.H’CH N 

CH, 


CH 

{d\-Cll NMo] 
C* CH: 

I • 


NH 

CO’ 


/ 


C: 


N» 



CO- 


"c^ \:h, 

j 1 ■ 

'N. 

"CH: 

1 

CH: 

\h 

1 1 1 

. 1 
V>CH. 

j 1 

CO CH: 

1 1 

CH: CH CH: 
"CH: 0 

1 1 

•CH CH: 

0 

1 1 
•CH ^CH: 

(1) 

(1C 

(I) 


The second casef is provided by the discovery that the compound previously 
called mcthyl-i}^-strychnidine is really isomeric with strychnidine and may bo 
termed neostrychnidine. On oxidation it is known to yield strychnidone.J 


* Wioland and MUnster, ‘ Ann. diem,,’ vol. 480, p. 39 (1930). 
t Achmatowios, Perkin and Bobinson, forthcoming publication. 
Olemo, Perkin and Kobinson, foe, cit. 
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a diketorw?. The change of strychnidine (I) to ^^cost^ychIudme (II) and 
strychnidine (III) is explicable as illustrated and the assumption that neo- 
strychnidine differs from strychnidine only in the position of the double bond 
is rendered necessary by tin* observation that catalytic reduction of ne 0 ‘ 
strychnidine yields dihydrostrychnkline-A identical witli the product from 
strychnidine. 

Adverse Consuleralmis. —(i) It can be argued that the formute advocated 
do not explain the noticeable effect of the double bond on the stability of the 
lactam ring. For example dihydrostrychnine cannot be hydrolysed to dihydro- 
strychnic acid and in general the amide group in all the reduced derivatives 
is characterised by resistance to hydrolytic fission. The answer to this objec¬ 
tion may be that ring 1) (see brucine formula above), the strain or stability 
of which is under consideration, is fused to rings C and E each of which include 
atoms of the double bond. The strain in G and E should be changed when the 
double bond is saturated, and as the researches of Thorpe and of Mills have 
proved this would have a profound effect on the strain in the fused ring T> and 
therefore on the chemical properties that it evinces. A second line of reply 
is that the factors controlling the opening of the lactam ring are not apparent 
in other cases. Thus the Wieland-Ci 7 -acid is hydrated at the N (u)*CO group 
but the Hans8en-C\o-acid, so closely related, contains the amide group of 
strychnine. 

(2) The many cases in which Leuchs and his co-workers liave oxidised 
strychnine derivatives with bromine water adding 20 with formation of an 
aldehydii and subsec^uently forming the corresponding acid by the action of 
mercuric oxide are interpreted on our basis l>y the scheme. 



ff CO,H-aVO*C: 


The carbonyl group represented (I) has not been experimentally recognised, 
but it cannot be that N (6)’C0 is produced in the oxidation by means of 
bromine water because the substances retain basic character. It is not 
unusual however for basic ketones to exhibit sluggish carbonyl reactivity, a 
good example being cryptopine. Then again Leuchs has found that a sub- 
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utftnce supposed on the present basis to contain the ether group (II) is stable 
to boiling concentrated aqueous hydrobromic acid. 

Still it is not certain that such an ether ought to be expected to undergo 
hydrolysis umler these conditioTis. The substance is basic and hydrolysis of 
the ether group presupposes the formation of an oxonium salt of a substance 
already containing au ammonium group. When it is considered tiiat the ratio 
of the first to the second dissociation constant of a di-acid base is always high 
and that this will be exaggerated in the case of an oxonium base following an 
ammonium one, and, finally, that after all it is an ether group that is being 
considered, it need not occasion stirprise that the substance remained 
unattacked. 

( 3 ) Very recently*** Leuchs has described the oxidation of tetrahydrostrych- 
nine by chromic acid to an amino-acid, C21H22O4N2, and other products. 
Here apparently the change is interpreted in accordance with the scheme : 


/ CigHic 


ON 


\ y\ CH,OH 

^ NH 


/\/ I 


Nil 


,CO CO,H 


It seems equally possible that a group : N (a)CH-O'CH- might give : N(a)'CO 
and : C --- C* which changes could be siccommodated and would limit the 
possible modes of attachment of the unassigned C3H7 groups. The further 
development of this novel attack will be awaited with interest, and if Leuchs’ 
interpretation is correct the skeleton given above at the top of p. 449 must 
be developed with a bridge acims the quinoline ring, 

Appendix .—In December, 1930 , Spath and Bretschneiderf published a 
pajMjr in which the oxidation of strychnine to N-oxalylanthranilic acid and of 
brucine to 4 : 5-dimethoxy-N-oxalylanthranilic acid is described. The former 
residt does not add to the information already available from the degradation 
of dinitrostrycholcarboxylic acid to dinitroisatin, but the latter result is a 
welcome confirmation of Leuchs' view tliat the methoxy groups of brucine 
are in the o-position and of our assignment of the 6 : T-position in the quinoline 
nucleus to these groups. 


• ‘ Ber. Deuts. Chem. Ge».,’ vol. «3, p. 8184 (1»90). 
t' Ber. Deut*. Ohem. Ges.,' vol. «3, p. 2fi»7 (1930). 
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Physical Constants of the System Methane-Hydrogen. 

By F. A. Fkkkth, F.tt.S., and T. T, H. VRHscHOYtK, 

(Received Juno 14, 1930.) 

§ I, Introduction. 

IsotlierniB of methane have been determined for a serioB of temperatures 
between an<] 200° C. by Keyes, Smith, and Joubert,* and by Keyes and 
Burks,t but, inasmuch as the highest pressure reached at 0° in these researches 
was 130 atmospheres, and the isothonn as extrapolated from their derived 
equation did not indicate tlie expected qn\ minimum at about 150 atmospheres 
{vide § 3), it was deemed advisalde to extend the measurements at O'* to 220 
atmospheres, and also to determine the isotherm at 20° C. 

01s7.ew8kiJ was the first to measure the vapour pressures of methane, down 
to a t(imperature of —203°(X, but his results are chiefly of historical interest. 
Determinations of the vapour pressures of the liquid between —182° and 
—150° (I have been made by Stock, Henning, and Kua‘3,§ but, apart from a 
solitary measurement of th<^ triple-point by Crommelin,|| no modern work 
seems to have been done on the vapour pressures of the solid. Tlie range 
between —178° and the critical temperature has been covered by Keyes, 
Taylor, and Smith*[j in a comprehensive paper upon the thermodynamic pro¬ 
perties of methane. 

No investigation appears to have been made on the melting-point curve. 
Furthermore, there is no record of any research on the binary system methane- 
hydrogen. 

§ 2. Experimefdul Mdkals, 

The isotherms at normal temperatures were measured by the method already 
described in detail by one of us,** A full account of the methods of determina¬ 
tion of the vapour pressures, of the melting-point curve, of the three-phase curve, 
and of the low-temperature isotherm will l>e published shortly in an account 

♦ ‘ J. Math, Phys. Maaa. Imt. Techn./ vol. 1, p. 191 (1922). 
t ‘ J, Amer. Chem. 8oo.,* vol. 49, p. 1403 (1927), 
t ‘ C. R,; vol. 100, p. 940 (1900). 

§ ‘ Ber, Deals, Ohom. Ge»./ vol 54, p. 119 (1921). 

II ‘ Phys. Lab. Leiden, Comma./ No, ISIh. 

^ * J, Math. Phyii, Mass. Imt. Teohn./ vol. 1, p. 211 (1922). 

♦♦ Verschoyie, ‘ Proo. Hoy. Boc./ A, vol 111, p. 552 (1926). 
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of the ternary system carbon monoxide-nitrogen-hydrogen, and it is therefore 
not proposed to repeat it here. 

Two processes were employed for the preparation of the methane : first, the 
action of water on magnesium methyl iodide, and, secondly, the action of 
heat on a mixture of sodadime and dehydrated sodium acetate. The crude 
gas evolved in the former process was passed through two traps cooled by solid 
carbon dioxide and alcohol, and condensed in liquid air. The condensate 
was then submitted to four successive fractionations at a pressure of about 
1 cm. of mercury, with the aid of a small heating-coil to ensure regular ebullition, 
only the middle fraction being collected in each operation after passage tlirough 
a filter-spiral immersed in liquid air. This sample was used for the vapour 
pressure work only. 

For all the other investigations the product of the second process was used, 
and this, which is the method adopted by Keyes and his collaborators, is un¬ 
doubtedly the most satisfactory of all the reactions hitherto suggested. The 
gas was subjected to a chemical purification by passage through fuming sul¬ 
phuric acid, ordinary sulphuric acid, and caustic potash solution, and it was 
then fractionally distilled six times in succession, the process being controlled 
by the use of a glass bell to entrap some of the vapour phase. After the fifth 
fractionation, the vapour phase collapsed completely, no excess pressure being 
required. 

§ 3. Utdhenm at 0° and C. 

Control determinations of the isotherm of hydrogen at 20® C. were carried 
out both before and after the methane series. It was found tliat the resistance- 
volume factor of the piezometer stem wire was not so regular as it had been 
during the work on hydrogen and nitrogen (loc. ciC), and all observations were, 
therefore, made with approximately the same set of values of the resistance 
of the stem wire, individual mean corrections for each value being derived from 
the two control series and applied to the methane series. The agreement 
between the control series was not particularly good, especially (and unfor¬ 
tunately) for small volumes, so that the accuracy of the isotherms is probably 
not lH3tter than 1 in 500. 

Two series were measured at each temperature, the normal volumes being 
respectively about 300 and 900 cm.^. The results are contained in Tables I 
and II, and those points for which the volume correction was rather uncertain 
are marked with asterisks ; in deriving the equations for the isotherms, these 
points have been given only half the weight of the others. The volume (r^) 
is expressed in terms of the normal volume. 
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Table I.—Isotherm at 0® 


Point. 

p aims. 

P»Ji (ol»-)- 

pVj^ (calc.). 

0 *- c. 

1 1 

23'54 

0*9433 

0-9456 

-0-0023 

2 

33* 10 

0'9200 

0-9228 

-00028 

II 1 

46*99 

0-8918 

0-8902 

4-0-0016 

1 3 

49-5(5 

0-8829 

0-8844 

0-0015 

4* 

(i4-06 

0-8506 

0-8519 

-0-0013 

n 2 

6714 

0-8454 

0-8449 

10 0005 

f Ti* 

72-7(5 

0-8354 

0-8335 

-HO-0019 

11 3 ■ 

HI-33 

0-7984 

0-7978 

1 ^0-0006 

4 1 

ns-52 

0-7647 

0-7042 

' f0-0006 

^5 I 

133-83 

0-7464 

0*744(5 

1 0-0008 

e 

171-5.-, 

0-7415 

0-7409 

i 0 0006 

7* 

179-29 

0-7429 

0-7462 

1 -0*0023 

8* 

215-10 

0-7775 

0-7776 

! O-OOOl 

t 


Mean error of obaenration 

± 0 -0016. 



Table II.—Isotherm at 20^^ C. 


Point. 

p atni8. 

pt\ (obs.). 

pvj, (calc.). j 

0 - C. 

1 1 

17-19 

1-0399 

1-0396 ; 

f0 0003 

2 

25-47 

1 0228 

1 0231 1 

™0 0003 

3 

;i6-io 

1-0039 

1 -0044 1 

-0-0005 

11 J 

38-84 

0-9990 

0-9974 

+0 0016 

2 

51-28 

0-9770 

0*9750 1 

f0-0020 

I 4 

53-42 

0-9711 

0-9713 ! 

-0 0002 

6* 

69-85 

0-9428 

0-9443 j 

-0 0015 

11 I 

74-39 

(►•9417 1 

0-9*373 ! 

+0 0044 

1 a* 

79-53 

0-9309 

0-9297 1 

t-0 00l2 

U 4 

99-97 

O-9008 

0-9028 i 

-0 0020 

5 i 

128-03 

0-8740 i 

0-8750 i 

-OOOlO 

15 1 

151-24 

0-8637 

0-8621 ! 

+ 0'00l6 

7* 

195-74 

0-8720 

0*8703 i 

+0 0017 

H* 

205-41 

1 0*8773 

1 

0 - 8792 1 

O-OOlO 


t Point U (3) has boon omittod in doriving the equation, for its error apjioars unaccountably 
largo. 

Moan error of observation rh 0*0C>14. 


On plotting the experimental values of it was evident that the isotherm 
could not be satisfactorily represented by the usual three-constant equation, 
but that a fourth term would be necessary. In the case of the isotherm at 
20° C. a satisfactory expression of the usual form 

PVA = K ity 

could be obtained, but for the isotherm at 0° C., a higher power of p was 
requisite 

pi’A = A, + + D„p* + B^p*. 
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Tbe equations which, derived by the method of least mean squares, best repre¬ 
sent the isotherms are : 

2-111 X 10-3^ + 2*428 X Ur’V -- 2*282 x ur^Y 

.o^r. 

pi\^ ^ l*07r>8 -- 2-177 X 4.005 x 10 ”y + 4-582 ;< 10“”/ 

. 20 ^.^ 


'J’ho curves representing tiiese equations and the experimental points are 
plotted in li^s. 1 and 2. Tlu* relation between the pressure and the value of 
the mean expansion (joefficient between O'' and 20° C. is reproduced in fig. lb 



lu addition to our results (F.V.), fig. 1 also contains the experimental 
obwirvations of Keyes, Smith, and Joubert (K.S.J.)* and of Keyes and Burks 
(K.B.),t and, furthermore, a curve drawn through points calculated from the 
general equation of state for methane derived by the latter authors. From an 
uispectiou of the curves some interesting conclusions may be drawn. First, 
the K.S.J. experimental data agree very closely with our own, and, althoxigh 
the agreement with the K.B, data is not quite so good, yet the largest deviation 
does not exceed 1 in 35(b 


♦ Lqc. cU, 


t Im. ciU 
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Secondly, the isotherm for 0^ {\ derived from the K.B. equation of state, 
whilst representing the oliservational results reasonably well up to pressures 




Fia. 3»—Methane ; Mean Expansion Ooeifioient, 0-20'' C. 

of about 126 atmospheres (corresponding to a specific volume of about 8*5), 
rapidly diverges therefrom at higher pressures and densities ; at 1(>5 atmo¬ 
spheres, the deviation is already about 4 per (‘-ent., and at 190 atmospheres 
some 8 per cent. Since the highest pressure cmploytMl by K.S.J. was 130 
atmospheres, they stopped just short of where the equation begins to fail. 

Thirdly, the minimum in the values of pvj^ lies at 180 -165 atmospheres for 
the isotheitns at 0° and 20® 0. This observation receives apparent confirma¬ 
tion from Amagat^s data, as quoted in Landolt-Bomstein’s tables, which indicate 
a minimum at about 160 atmospheres for an isotherm at 14-7® C. 
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§ 4. Trijjie-point, and Vapour Prmure$ of Solid Methane. 

Although the connecting tube between the manometer and the bulb con¬ 
taining the liquid or solid phase was about 8 mm. in diameter, it was not found 
feasible to measure pressures below 0'5 mm. with the present apparatus.' 
During the cooling down of the cryostat to the lowest temperatures, the solid 
methane always distilled on to the walls of the connecting-tabe at the level 
of the liquid oxygen in the cryostat. As this level gradually falls, the re- 
distillation to the bulb at the lowest temperatures and pressures is so slow that 
a false (high) vapour pressure is obtained. 

Table III. Methane : Vapour Pressures of Solid. 


Bulb “ empty ” (K) 
or full ” (F). 

Preastiro. 

i 

Observed 

temperature. 

1 

Calculated 

temperature. 

Temperature 
ob«* calc. 

E 

1 

cm. 

S-767 

O 1 

-182-47 

“ i 

-m-47 

S' 

0 00 

K 

S'SOti 

182-47 

—■ 

— 

E 

a*6i3 

-188-49 

-188-48 

-0-01 

F 

3-572 

-188-49 

— 

— 

E i 

1-304 

-194-10 

-194-13 

-0*03 

F i 

1-327 

-194-10 


,— 

K 1 

0-424 

--199-70 

-199-08 

0-02 

F 1 

0-433 

-199-71 


— 

K I 

0-0500 

--208-32 

-208-32 

0 00 

F 

0-0495 

208-32 

— 

. 


The experimental results are reproduced in Table III, the expression “ empty 
bulb ” indicating that there was only a trace of liquid or solid in the observa¬ 
tional bulb, wliilst “ full bulb means that about \ cm.® was condensed. The 
small increase in pressure between “ empty and “ full at each temperature 
shows that there was still some slight impurity in the methane, but, since the 
corresponding temperature variation is in each case less than 0 * 1°, the pressures 
with the “ empty ” bulb cannot be much in error, and have been used for 
deriving the following equation : 

Log ^ 517-65/r h 6-7843 -- 0*001425 X T 

{T — absolute temperature ; p in centimetres.) 

Calculated values and their differences from the observed values of the 
temperature are also given in the table. 

The first point in Table 111 represents the triple-point, for which we have 
therefore 

temperature — 182-47'^ C.; pressure — 8*767 cm. 
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Cronimelin {loc. cii.) gives the following values : - 

temperature ^ — 183-14^ 0. ; pressure “ 7*0 cm, ; 

but since his observations were based on the rather (*rude methane used as a 
cryostat bath, they cannot pretend to much accuracy. As already pointed 
out, Stock, Henning, and Kiiss’s measurements (/oc. cit,) lie outside the range 
here covered ; the pressure calculated from their expiation for the triple-point 
temperature is 8-721 cm. 

Keyes, Taylor, and Smith’s {loc, cit.) observations also do not extend to the 
triple-point. A calculation from their equation for the pressure corresponding 
to a temperature of —182*47® (\ gives 8*805 cm., a value which differs from 
ours by 0-43 per cent., the equivalent temperature difference being only 
0*03". 

A very satisfactory confirmation of the triple-point constants as given above 
was afforded by a similar determination with the second sample of methane, 
prepared, as stated, in an entirely different manner. The values then found 
were 

temperature — 182*16® C. ; pressure 8*737 cm., 

and them was no observable increase in pressun» on condensation of about 
500 cm.® of gas. These values are therefore to be preferred to those found for 
the first sample. 

§ 5. MeUing-poini Curve. 

With the liquid oxygen cryostat employed, it was not possible to follow th(? 
melting-point curve to higher pressures than 46 atmospheres ; the method of 
determination was based on the melting of a plug of solid methane within a 
steel capillary tube. Table IV contains, besides the observed temperatures, 
those calculated from the linear relation 


f 2*65 x 

and, although dt/dp is somewhat larger than in the case of carbon monoxide 
and nitrogen, an extrapolation to the neighboiirhood of 200 atmospheres is 
probably justifiable. 
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Table IV*—Methane : Melting-point Curve. 


Pre»«urt>. 

1 TemporatujtJ (obs.). 

j TomporatHro (calc,). 

1 

1 O C. 

AtmH. 

1 



o*nr> 

182*46 

(Triplo-point) 


16*74 

j iKi-m) 

j * 182*02 

40 08 

16-74 

182 00 

-1 0*03 

31*47 

i 181*62 

■ -181*62 1 

j 

000 

31-45 

181*63 

0-00 

46*85 

; 181*24 

-181*24 1 

1 

0-00 

46*85 

i 181*26 

-0 02 

§b. Metharie-Hydrof^en. 


(a) Three-phase Cv^m.*. The upper portion of the three-pliase tiurvc (the 
p — 1 projection of the three-phase strip) was found to have the same form 
as in the binary systems carbon monoxide-hydrogen and nitrogen-hydrogen, 
but the point of minimum temperature was barely reached in the range of 
pressures covered. 7'he cxp(irimental results are contained in Table V, and 
the curve is reproduced in fig. 4. 


Tabic V. Methane-Hydrogen: Three-phase Curve. 


1 

1 

1 

Temperaturo. j 

1 I 

Pro«8urc, 

j Temperature. 

Atm«. 


Aimtj. i 

1 

0*115 

1 -182*46 

152*08 

! -184-12 

67*04 

; -183*34 

152-08 

i -183*97 

57*04 

1 -183*46 

j 162-08 

■183*07 

57 04 

• -183*46 

102-08 

.184*02 

107*08 

f -183*84 



107*08 

1 -183*87 

! 





Fig. 4. —Mothanc-Hydrogen ; Three-phase Curve. 
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(6) hotherm at —182-5® C’. Since no opportunity presented itself of con¬ 
tinuing these investigations in regions of temperature higher than that available 
to a liquid oxygen cryostat under normal pressures, only one isotherm in the 
binary system has been determined. The composition of samples of the 
liquid and vapotir phases in equilibrium at various pressures, as found with a 
Hone and Wheeler gas-analysis apparatus, are given in Table VI, and tlu^ 
isotlierm itself is drawn in fig. 5. The concordance between the li([uid fioints 
is not entirely satisfactory, probably (to a certain extent) because the 
quantity taken for analysis is of necessity about half the amount taken in 
the inv('stigation on the other binary systems. It is evident that a definite 
point of inflection occurs on the liquid branch. 

Tal)ie VJ, - Methane Hydrogen : p-x- Isotherm at -- 182-5 ’('. 


ren\piiuluri‘ 



Vat 

kiur. 

CH, 

H, i 

! 

CH. 1 

H. 


AtUlH. 

per rout. 

por cout. 1 

|KM* coot. 

i>or (.-out. 

-182-5;? 

206 • 43 

9*58 

90*42 ! 

i 97*87 

2*13 

182 52 

206-42 

Hamplo 

U>»t 

1 97*69 

2*31 

-182*48 

195*75 

10*20 

8 n-R 0 ! 

1 97*89 

2*11 

-182*51 

188 OK 

10-16 

89*84 

No s 

ainplo 

-182*50 

1B0-7H 

8*90 

91*10 

97*83 

2-17 

-182*54 

166-70 

7-S4 

92*16 

; 97*89 

2*11 

182-s:) 

J28'22 

7-60 

92-40 1 

i 96*83 

:M7 

^182*48 

128*19 

8*19 

91-»1 ' 

j 98*46 


-182*52 

99*.*12 

5*59 

94 41 

98*82 

M8 

- 182*47 

79-SO 

3*83 

96*17 1 

1 99*05 

0-95 

182*40 

55*82 

1*07 

98-93 

i 98*85 * 

M5 

--182*40 

55*61 

1*70 

98*30 

; 98*75 

1*25 

-182*52 , 

46* 20 

Sample i 

lost 

1 98-95 

1 *05 

-182*50 

46*10 

0*64 1 

99*36 

98*63 

1*37 

-182*52 

45*89 

Liquid btv 

low outlet 

98-95 

1*05 

-182*50 

36*41 

0*56 j 

90*44 

97-99 

2*01 

-182-52 

29-74 

Liquid bo 

low outlet 

98*57 

1 -43 

-182*48 

26*02 

8amplo 

lost 1 

98*73 

1*27 

-182*61 

21*61 

0*70 

99*30 1 

98-54 

1*46 

182*47 

16*96 

Samplo i 

lost ! 

97*90 

2*10 

-182-49 

16*89 

0*38 

99-62 ! 

j 

98-35 

i 1*65 

i 


On tlie vapour bran<di the agreement between individual points is reasonably 
good. The critical point of contact appears to He in the neighbourhood of 60 
atmospheres, the corresponding proportion of methane in the vapour phase 
being about 1 per cent. 
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Frcj, 5.—Me thane?* Hydrogen; jp-^r-lsotlieini at 182*5'^ (!. 


Summary. 

§ 1. In recent doterminations of the isotherm of methane at if (\,the highest 
pressure employed has been 130 atmospheres and, in view of the probable 
existence of a pcA-minimum at about 150 atmospheres, the range of pressures 
is now extended to 215 atmospheres. No satisfactory measurement of the 
triple-point is available, and there is no modern i^ecord of the vapour pressures 
of the solid phase, or of the melting-point curve. Tlie binary system methane- 
hydrogen does not appear to have been investigated. 

§ 2. The experimental methods here employed will be described in detail in 
a paper on the ternary system carbon monoxide-nitrogen-hydrogen (to bo 
published shortly). Two different processes were used in the preparation of 
the methane, 

§ 3. Isothenns were measured at and 20° C. up to a pressure of 215 atmo¬ 
spheres, ()wi!ig to changes in the resistance-volume factor of the piezometer 
stem wire, the accuracy did not exceed 1 in 500, but it is evident that a 
exists at about IfiO atmospheres. Consequently, whilst the present 
results agree v<?ry satisfactorily with those obtained by Keyes and his colla- 
borators, the isotherms for 0° C. derived from their equation of state begins to 
fail rapidly at j)rc8sureK above 125 atmospheres, or for specific volumes less 
than 8-5 cm.® per gram. 
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§ 4. Detenoinations of the triple-point were made with two entirely different 
samples of methane, and the yaponr preBsnreB of the solid were measured down 
to - 208“ C. 

§ 6. Observations on the melting-point curve extended to — 181 -25“ C., the 
highest temperature attainable with the cryostat. 

§6. In the binary system methane-hydrogen d*p/dl® was foimd to be 
negative along the upper portion of the three-phase curve, as in similar systems. 
From a p ~ X isotherm measured at —182*6° C. the critical point of contact 
was found to be in the neighbourhood of 60 atmospheres with a 1 per cent, 
content of methane in the vapour phase. 

Messrs. H. Ryder and J. C. Johnson assisted throughout, both with the 
experimental work and with the computations. Our thanks are also due to 
Messrs. M. Jones and E. Hatton, who carried out many of the analyses. 


Artificial Disintegration by a-Particles. 

By J, Chadwick, F.R.S., J. E. R. Constable, B.A., and E. C. Pollard, B.A. 

(Received November 21,1930.) 

§ 1. It is well known tliat the bombardment of certain elements by 
tt-particles gives rise to the emission of protons, which are ascribed to the dis¬ 
integration of the nuclei of these elements. It is generally assumed, on the 
evidence of Blackett’s expansion photographs of the artificial disintegration 
of nitrogen, that the emission of the proton is the result of the capture of the 
a-particle by the atomic nucleus, which is thereby transformed into a nucleus 
of the element of the next higher atomic number. We should, therefore, expect 
to observe certain simple relations between the energy of the incident a-partiole 
and that of the emitted proton, and we should find that the change of energy 
in transforming a given nucleus is a fixed amount. In certain oases at least 
the experimental results have led to no such simple rdation, and in the case of 
aluminium Rutherford and Chadwick* have given clear evidence that the 
energy change in the disintegration is not always the same. The experiments 
described in this paper were carried out to investigate this question in mate 
detail. 

* Rutherford and Ohadwiok, ‘ Froo. Oamb. Phil. Soo.,’ rol. 26, p. 186 (1029). 

VOL. OMUC.—A. 2 H 
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In experiments on artificial disintegration, the emitted protons have usually 
been detected by the scintillations they produce in a zinc sulphide screen. The 
scintillation method, though simple and powerful, has certain disadvantages 
which cannot be avoided. The strain of counting the scintillations is such 
that the observers must be carefully controlled, and they can be allowed to 
count only for very limited periods, amountilig on the average to about 6 hours 
per week. The accumulation of results by the scintillation method is thus a 
long and tedious process. Further, no permanent record of the scintillations 
can be made. 

For these and other reasons it is desirable to use an electrical method of 
detecting the protons arising from artificial disintegration. The first step in 
this direction was made by Bothe and Friinz.* They used a Geiger point 
counter, which, however, has the disadvantage of responding almost equally 
well to p-particles as to protons or a-particles. Recently Hoffmann and Posef 
have been able, by using the very sensitive electrometer devised by Hoffmann, 
to detect and record photographically the ionisation current produced by a 
single proton. This method seems not very suitable for general use, for the 
period of the electrometer is so long that the rate at which particles can be 
counted is limited to about not more than 1 per minute. Of the electrical 
methods the most generally applicable are those in which the ionisation current 
produced by the particle is amplified either by the process of ionisation by 
collision or by the use of valves. For the exj>eriment8 described here we have 
adopted the method of amplification by valves. This method was first 
successfully employed by Greinacher,J and has been further developed by 
Ortner and Stetter§ and by Ward, Wynn^Williams, and Cavc.i) Certain 
modifications in the designs used by these workers were made for the present 
application. The general scheme and the method of recording will be described 
in the next section. 

§ 2. The Detection of Protom .—The particles to be counted were allowed to 
enter an ionisation chamber A, the case of which was connected to the positive 
pole of a battery of about 1000 volts and the inner electrode was connected 
to the grid of the first valve. The positive ions produced by a particle in the 
chamber are collected on the inner electrode, and raise the potential of the 

♦ Bothe and Frte, ‘ Z. Physik,’ vol. 43. p. 466 (1927), and voL 49, p, 1 (1928). 
t Itoffmarm and Po«e, ‘ Z. Phyaik,’ vol. 66, p. 405 (1929). 
t Greinacher, ‘ Z. Phyaik,’ voi. 36, p. 364 (1926), and vol 44. p. 319 (1927). 

§ Ortner and Stotter, ‘ Z. Phyaik,* vol. 64, p. 449 (1929), 

II Ward, Wynn-Williams and Cave, * Proc. Roy. Boc./ A, vol 126, p, 713 (1929). 
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grid of the val ve. This rise of potential is amplified by the first and succeeding 
four valves. For high sensitivity it is necessary that the initial rise of potential 
should be as great os possible, i.e., that the first valve should have low inter- 
electrode capacity and good grid insulation. These conditions were found to 
bo adequately fidfiUed by a Marconi D.E.V. valve. The effect of the passage 
of a particle through the ionisation chamber is to raise the pot^ential of the grid 
of the first valve by about 10*"* to 10”* volts for about 10“® second. The 
resulting change of anode current causes a variation in the potential drop 
across an anode resistance, and this is communicated to the grid of the next 
valve, and so on throughout the amplifier. The connections arc shown in the 
diagram (fig. 1) and involve merely standard amplifier practice. Each stage of 




Fig. 1. 


amplification was carefully screened from the others by enclosing each valve 
and its accessories in separate compartments of a metal box. “ Feed back 
through the high tension batteries was reduced by means of the filter circuits 
BCD in the battery leads. With the same object separate grid bias batteries 
were used on each valve. Careful attention to all sources of back coupling 
was necessary to make the amplifier stable. The second, third and fourth 
valves were of the Marconi D.E.H. 610 type. For the output valve either a 
D.E.P. 610 or a P.T. 626 was used. 


2 H 2 
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In order to reduce valve noises the filament temperatures of the first and 
second valves were kept low, and the anode potentials were reduced to about 
two-thirds of the normal value. To protect the apparatus from meohanical 
disturbances each valve was supported in rubber sponges, and the whole 
amplifier was placed on a firm stone pillar. 

As is shown in the diagram, the recording instrument, an Einthoven string 
galvanometer, was placed in the anode circuit of the last valve. The steady 
component of the anode current was prevented from passing through the 
galvanometer by a choke-capacity filter circuit. A variable shunt was con¬ 
nected across the galvanometer to allow adjustment of the sensitivity. The 
deflections of the string were ret^orded photographically on a strip of moving 
bromide paper. The camera used was the standard pattern of the Cambridge 
Instrument Company. The cylindrical condensing lens of the camera has 
engraved upon it a millimetre scale, which is reproduced in the photographic 
record. It is thus a very simple matter to measure the size of the deflections 
of the galvanometer, when such a procedure is required. A typical record of 
the deflections due to the entry of disintegration prott)ns into the ionisation 
chamber is shown in fig. 2. The kicks are not all of the same size, for the protons 



Fio. 2. 

entering the chamber differed in speed. The ionisation per centimetre path 
produced by a proton will depend on the speed in much the same way as that 
due to the a-particle. Thus a fast proton will cause a much smaller deflection 
of the galvanometer than one which is near the end of its range when it enters 
the ionisation chamber. In certain cases valuable information can be deduced 
from a comparison of the sizes of the deflections. It was to facilitate such a 
comparison that an ionisation chamber of the parallel plate type, shown in 
fig, 3, was used in these experiments. While this has a relatively high electrode 
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capacity, thus reducing the rise of potential on the first grid, it has the advantage 
that the paths of particles which enter the chamber at different angles ate 
practically equal and that the time of collection of the ions is the same for 
different paths. Thus particles of the same velocity should produce nearly 
equal deflections of the galvanometer. 

In preliminary investigations and in cases where no permanent record of 
the protons was required, the string galvanometer was replaced by telephones. 
The output from the last valve was sufficient to work several sets of telephones 
in parallel, so that two or more observers could count simultaneously. Tlie 
clicks produced by protons were as a rule easily audible ; difficulty was only 
experienced with protons of extremely high speed. 

§ 3. ExpemnerUal Procedure and BesuUs. 

Tlie experiments consisted in bombarding a target of an element by the 
a-particles from a polonium source, and observing the disintegration protons 
either in the direction of the incident a-particles or at right angles to it. 
Absorption curves of the protons were obtained by placing sheets of mica of 
known thickness in their path to the ioinsation chamber, and counting the 
number of protons at each absorption. 

The source of a-particles was a platinum disc of 3*6 mm. diameter, coated 
with polonium. The polonium was obtained on a platinum foil by the electro¬ 
lysis of a solution of radium (D + B + F), and was concentrated on the 
platinum disc by volatilisation in a current of hydrogen. The amoimt of 
polonium was about 5 millicuries at the beginning of the experiments. 

The arrangement used for observation in the forward direction is shown in 
fig. 3. The material under examination—either in the form of a thin foil or 
as a thin layer of powder dusted on to a gold foil—was placed from 1 to 2 mm. in 
front of the polonium source 8. The gold foil served also to close the tube T. 
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Oxygen was passed through the tube T, containing the source and bom- 
biurded material, to avoid disintegration protons from the nitrogen of the air. 
The ionisation chamber A was oonncsctod to the positive pole of a battery of 
1000 volts. The collecting electrode was insulated by quartz, and was con¬ 
nected to the grid of the first valve through an (‘artlied guard tube. In order 
to protect the insulated system from electrical disturbaiujes the ionisation 
chamber was enclosed in an earthed case. Absorbing screens of mica could 
be inserted in a holder, placed between the tube T and tlie ionisation chamber. 

For the observations of the protons emitted at right angles to the direction 
of the incident a-particles the arrangement shown in fig. 4 was used. The source 

S was enclosed in a small tube, carried in the 
brass box V, V. The material to be bombarded 
was placed on the graphite sheet G. The 
disintegration protons passed through the 
window W into the ionisation chamber. The 
brass box and the tube containing the source 
were evacuated separately in order to avoid 
contamination of the box by aggregate recoil 
from the source. The face of the source tube 
was closed by a sheet of mica of approximately 
1 mm. air equivalent. The window W through 
which the protons were observed was closed by 
a silver foil of 3*8 cm. air equivalent. 

PiQ 4 , With these experimental arrangements, 

several elements were examined for disintegra- 
tion. Absorption curves for the disintegration protons were plotted by 
counting the number of protons entering the ionisation chamber per minute 
when sheets of mica of various air equivalents were placed in the path of the 
protons. The following elements were examined: lithium, boron, carbon, 
nitrogen, oxygen, fluorine, sodium, magnesium, aluminium, silicon, phos¬ 
phorus and sulphur. Disintegration protons were observed with certainty 
from boron, nitrogen, fluorine, sodium, aluminium and phosphorus. For the 
others no definite effect was found under the conditions of our experiments. 
It must be noted, however, that the experiments were not pursued down to 
small absorptions; an emission of protons of short range would therefore not 
be detected. In the experiments in the forward direction the experiments 
were limited by the presence of ‘‘ natural ” protons, due to hydrogen in the 
source of polonium and in the materials exposed to the oc-partioles. These 
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have a maximum range of about 16 cm. in air, xmdcr our experimental 
conditions. The observations at right angles were taken to an absorption 
corresponding to about 7 cm. of air. 

In nearly all cases the thickness of the material exposed to the bombardment 
of the a-particles was sufficient to absorb the a-particles completely. Further, 
as will be seen from figs. 3 and 4, the geometrical conditions are such that neither 
the pencil of a-rays incident on the radiator, nor the pencil of protons received 
by the ionisation chamber is well defined. This is more especially the case 
in the experiments carried out in the forward direction. The protons observed 
under these conditions are thus due to a-particles of all velocities from zero up 
to a certain maximum (slightly less than the initial velocity of polonium 
a-particles owing to the absorption in the path to the radiator) and comprise 
particles which are emittel over a wide range of angle^j with respect to the 
direction of the disintegrating a-particle. Moreover, the divergence of the beam 
of protons entering the ionisation chamber is such that the paths in the absorb¬ 
ing screens differ markedly. The conditions of ex|)eriment are thus far froni 
ideal, and we cannot expect the results to show singularities, such as the 
presence of groups of protons, as clearly as under conditions more precisely 
defined. These circumstances must be taken into account when judging 
the experimental results given below. 

Boron .—The element boron was examined in the fonn of a layer of powdered 
amorphous boron (Kahlbaum) and of powdered boron trioxidc. Some of the 
results obtained are shown in fig. 6. Both curves refer to protons observed 
in a direction at right angles to the incident a-particles ; for the upper curve 
the maximum range of the a-particle was about 3 * 8 cm., and for the lower about 
2-8 cm. It will be seen that there are two groups of protons emitted in the 
disintegration of boron. The existence of the group of 20 cm. range was 
confirmed by an examination of the sizes of the kicks on the records. As the 
absorption in the path of the protons was increased the fraction of large kicks 
grew until an absorption of about 18 cm, was reached, when it fell very rapidly. 
This indicated that a group of slow protons ended in this region. The variation 
in the average size of the kicks with the absorption in the path of the protons 
is shown in fig. 6, These two groups were also found in the experiments 
in the forward direction. With a-particles of 3• 8 cm. maximmn range incident 
on the boron radiator the ranges of the groups were approximately 32 cm. 
and 76 cm. observed in the forward direction. In addition, a third group of 
range about 16 cm. was found but, on account of the large number of natural 
protons emitted by our polonium source, it was difficult to decide whether any 
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part of this group could be ascribed with certainty to boron. Qood evideaioe 
that a third group is present in the disintegration protons from boron is, 
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Fro, 6,—Average size of kicks. 


however, afforded by the experiments of Bothe and Fr&nz,* and later of 
Bothe.t 

Nitrogen .—^Nitrogen was examined both as gas and in the form of a layer 
of paracyanogen. The results obtained in the experiments in the forward 

* Bathe and Frknz, * Z. Pbysik,’ voL 49, p. 1 (1928). 
t Bothe. ‘ Z, Phyoik,’ vol, 68. p. 381 (1930). 
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direction are shown in fig. 7. The oc-particles, of maximum range 3*9 cm., 
had a path of about 3 mm. in nitrogen. Here, also, difficulty was experienced 
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Fio. 7.—Ab«orption Curve for Protons from Nitrogen. 

in allowing for the effect of the natural protons and the measurements at 
absorptions less than 10 om. of air are approximate only. The curve suggests 
that the protons for nitrogen consist of a definite group of maximum range 
about 17'6 cm. 

Fluorine. —A layer of finely-powdered calcium fluoride, CaFj, served for 
the experiments with fluorine. The absorption curves for the protons liberated 
by a-particles of maximum range 3 • 8 cm. are shown in fig. 8, the upper curve for 
the forward direction, the lower for the right angle direction. The protons 
appear to be heterogeneous and there is no suggestion of distinct groups. 
Some experiments by the right angle method in which incident a-particles of 
shorter range were used indicated a flattening of the absorption curve at small 
absorptions, but there was still a greater degrde of heterogeneity than could 
be explained by the effect of the experimental conditions.* 

* [Note added tn joroo/.—Later experiments show that the protons emitted from 
fluorine consist of at least three distinct groups.] 




Fia, 8.—Absorption Curve for Protons from Fluorine. 

Sodium ,—^The absorption curve obtained for sodium, examined as a thin 
layer of NaOH, was similar to that shown above for fluorine, and suggested a 
heterogeneous distribution of protons rather than one or two discrete groups. 
The maximum range of the proton observed in the forward direction was about 
44 cm. for incident a-particles of 3-8 cm. maximum range. 

-The absorption curves for the protons liberated in the forward 
direction from aluminium (a foil of 4 cm. stopping power) are shown in fig, 9, 
lu general, the results are similar to those obtained with boron. Considering 
first the upper curve, obtained with incident 5c-particles of 3*7 cm. maximum 
junge, we conclude that there arc two main groups of protons with ranges 
about 32 cm. and 65 cm. The third prominent group, of range about 15 cm., 
nmy be due entirely to the natural protons from the source. There is, further, 
a weakly-marked group of range about 52 cm. Owing to the well-known 
probability fluctuations it is difficult to be certain of such small changes in the 
numbers of observed particles as the separation of this group depends on. 
For each point in the neighbourhood of this range about 600 particles 
were counted, and the evidence from the numbers was confirmed by an examina* 
tion of the sizes of the deflections due to the particles. We may infer that 
this group is real; as we shall see later, Pose has obtained very defimte e^denoe 
on this point. 
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The curve obtained with a-particlea of *M5 cm. maximum range shows two 
groups of ranges, 27 cm. and 62 cm., and with a-particlos of 2*9 cm. maximum 
range two groups with ranges about 17 cm. and about 42 cm. In the Jatter 
cas(i the number of particles was very small and the ranges of the groups could 
not be determined with any accuracy. Experiments by the right angle method 
showed the presence of two groups corresponding to the two main groups 
observed in the forward direction. The ranges of these groups were 21 cm. 
and 61 cm. for incident a-particles of 3-8 cm. maximum range. 

Phosphorus ,—Phosphorus was used in the form of a layer of powdered red 
phosphorus. The absorption curve of the protons observed at right angles 
with incident a-particles of 3*8 cm. maximum range is shown in fig. 10, It 
consists of a single group of protons. Experiments in the forward direction 



Fig. lO.—Absorption Ourve for Protons from Phosphorus. 
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confirmed this result, but were not so definite owing to the poorer geometncal 
conditions. 

§ 4. Discussion of Artificial Disintegration. 

It has been generally assumed, largely on the basis of Blackett’s photographs 
of the disintegration of the nitrogen uucleqs, that the process of artificial 
disintegration of an atomic nucleus by collision of an a-particle is due to the 
penetration of the a-particlo into the nucleus. The a-particle is absorbed into 
the nuclear system and a proton is emitted. The energy relations in the 
disintegration process should therefore be very simple. Assuming that 
momentum is conserved in the collisions, it should be possible to draw a definite 
conclusion about the energy change from the original to the final nucleus by 
measuring the energies of the protons released by a-particles of known energies. 
From such experiments on the disintegration of aluminium Rutherford and 
Chadwick Qoc. eit.) concluded that the change of energy from the original 
nucleus (aliuninium) to the final nucleus (silicon) was not always the same. 
They suggested that perhaps all nuclei of the same t 3 rpe were not identical 
but could have masses or energies differing by small amounts. This would 
be the case if the energy levels of the proton in a-particles in the nucleus were 
not well defined. Such a supposition is, however, difficult to reconcile with the 
modem views of nuclear structure. 

The experiments described in the previous section (and those of Bothe, 
Fr&nz, and Pose, which appeared while this account was in course of prepara¬ 
tion) suggett the presence'of distinct groups in the protons released in dis¬ 
integration, and they permit us to give a more definite pictiue of the process 
of artificial disintegration, and one which will interpret the experimental 
results in terms of the detailed structure of the nucleus.* 

Consider a nucleus with a potential field of the type shown in fig. 11. The 
potential barrier for the a-particle is given by the full line, that for the proton, 
since it has only half the charge of the a-particle, by the dotted line. Suppose 
that a proton exists in the nucleus in a stable level —S%. Asstiming first 
that the a-particle is captured in the disintegration process, let the level in 
which the a-particle remains after capture be —B%. If an a-partiole of kinetic 
energy E. penetrates into this nucleus and is captured, the energy of the protem 
emitted in the disintegration will be E, = E, -h E% — E%, neglecting the 
small kinetic energy of the residual nucleus. There may, of course, be more 
than one proton level in the nucleus, or there may be more than one level 

* Chadwick and Gamow, ‘ Nature,’ July 12,1930. 
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ia whiobi the a-partiole may be captuted. Thete will thea be correspondmgly 
more groups of disintegration protons. This type of disintegratioa, by 



capture of the a-particlo, will always give rise to a group of protons of definite 
energy, and the energy spectrum of the disintegration protons will consist of 
a number of lines, each of which is defined by one proton and one a-level. The 
kinetic energy of the proton group will be greater or less than that of the 
incident x-particles according as is greater or less than that is, ac.cording 

as the a-level is deeper or higher than the proton level. 

It seems possible on general grounds that disintegration may occur in 
another way, by the ejection of a proton without capture of the «-partiole. 
The a-particle may cross the potential barrier and be re-ejected, but it seems 
likely that this process of disintegration would generally occur without pene¬ 
tration into the nuclear system. If the nucleus disintegrates without capture, 
the initial kinetic energy of the a-particle will be distributed between the emitted 
proton and the escaping a-particle (again neglecting the recoiling nucleus). 
In this case the disintegration protons may have any energy between E, = 0 
and Ep s E. — E",,.'* The energy spectrum of the protons will be a con* 
tinuous distribution with a maximum energy less than that of the incident 
a-particle, and less than that of the line spectrum arising from the same protmi 
level by capture of the a-particle. If the disintegrating nucleus has two or 


^ It to AMumed th»t no change oootirs in the level system of the nucleus* 
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more occupied proton levels there will be two or more continuous spectra, 
provided that the energy of the incident a-particles is sufficiently great. If 
both types of disintegration occur , the energy spectrum of the ejected protons 
will, for the simplest type of nucleus with one proton and one a-level, be 
divisible into two parts, a continuous spectnim and a line {cf. fig. 12). The 



energy of the line group may be greater or less than the energy of the original 
«-partioles, but it will always be greater than the upper limit of the continuous 
spectrum. 

The accurate measurement of the upper limit of the continuous spectrum 
and of the line will allow us to estimate the values of the energy levels of the 
proton and a-particle in the nucleus. 

In actual experiment the separation and arrangement of the groups of protons 
may not be so simple as we have made it appear. The numbers of disintegra¬ 
tion protons to be observed are so small that definite conditions of disintegration 
cannot be attained experimentally. The initial beam of a-particles may be 
homogeneous, but, since thick layers of bombarded material must generally 
be used to obtain sufficient effect, the protons observed arise from disintegrations 
due to a-particles of widely different energies. For the same reason, both the 
pencil of a-particles and that of the ejected protons must be of wide angle; 
this confuses the results since the energy of the ejected proton will depend on 
its direction relative to that of the a-particle responsible for it. 

In distinguishing between a continuous spectrum and a line spectrum, the 
distribution of the protons with angle may be of importance. It is to be 
expected that the protons of a line spectrum, resulting from capture of the 
a-particle, will be emitted nearly uniformly in all directions. On the other 
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hand, the continuous spectrum probably arises chiefly from collisions in which 
the a^particJe does not penetrate the nucleus. These protons may not be 
emitted uniformly in all directions but perhaps mainly in the forward direction.* 
Thus observations of the intensity of a proton group in the same direction 
as the incident a-particle and at right angles may help to decide whether the 
group belongs to the continuous or line type. 

A farther point which may be mentioned here is the possibility of the 
occurrence of line spectra dvie to a resonance between the incident a-partiole 
and the nucleus. This possibility was first clearly pointed out by Gurney.f 
Suppose that the nucleus has a possible, but unstable, a-partide level E' (see 
tig. 11). If the incident a-particles have exactly energy E' their chance of 
penetrating the barrier will be unity and much larger than the chance for 
particles of greater or smaller energy. Thus if a thick layer of material is 
bombarded by a-particles of initial energy greater than E' there will app^uir a 
line group of protons corresponding to the increased chance of capture of 
a-particles of energy E'. Evidence for resonance lines of this type appears in 
the resxilts obtained with aluminium (fig. 9), but it is shown much more 
definitely in some experiments of Pose which were published while this account 
was in course of preparation. This point will be raised again later. 

We shall now proceed to the interpretation of our experimental results. 
The experiments give the ranges of the protons released under certain con¬ 
ditions by a-particles of known initial energy. The ranges of the protons are 
actually measured mainly in mica and expresvsed in equivalent centimetres 
of air on the assumption that a thickness of mica of weight 1 * 43 mg. per square 
centimetre is equivalent in stopping power to 1 cm. of air at 15° C. and 760 mm. 
From these ranges we have to deduce the energies of the protons. For 
a-particles of lower velocity than the protons concerned in these experiments 
the range varies as the cube of the velocity; for p-partides of higher velocity 
than our protons the range varies as the fourth power of the velocity. In tlie 
absence of definite information, we shall assume that for the protons witb which 
we are dealing the range varies as (velocity)**®. Knowing that a proton of 
velocity 3*08 X 10* cm. per second (the proton propelled by a direct collision 
of an a-particle of velocity 1 -922 X 10* cm. per second) has a range of 32 cm. 
measured in the above way, we can calculate with suJBScient accuracy for the 
present purpose the energies of protons of different ranges. 

* See, however, Beok, ‘ Z. Physik,’ vol. 66, p. 22 (1930). 

t Gurney, ‘ Nature,’ vol. 123, p. 666 (1929). 
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If the a-particle is captured by the nucleus then the conservation of 
momentum in the collision gives 

MV = cos 4^ + cos co 

0 = sin 4^ — 

where M, V ; , 'Vj ,; and m„, v„ are the masses and velocities of the a-partiole, 

proton and residual nucleus respectively, and 4^, co are the angles between 
the incident track of the a-particle and the directions of motion of the proton 
and nucleus respectively. 

If the disintegration of the nucleus takes place with a release of energy Q, 
we shall have 

^ iMV« + Q. 

The experimental results give the maximum range of the proton emitted 
under the specified conditions. In the experiments in the forward direction 
this maximum range will correspond to 4* 0. In the experiments in which 

the protons were observed at right angles to the a-partiole beam the maximum 
ranges will correspond to the smallest value of 4^ possible under the conditions. 
For the accuracy attained at present, however, it will be sufficient to assume 
that these ranges observed at right amgles actually correspond to 4^ — 90*^. 
We then find, for the experiments in the forward direction, 

Q = (m, 4- m„) — MV* (»»„ ~ M) — 2MV. m,v,)/2m„ 

and for the experiments at right angles 

Q -- + ♦»«) — MV* (»»„ — M)}/2m„, 

where v, is the maximnm velocity of the proton observed in the specified 
conditions. 

If the nucleus disintegrates without capture of the x-partiole a teem must be 
added to the above momentum and energy relations to express the motion of 
the a-particle after the collision. Calculation shows, however, that the 
maximum value of v, ooouts when the a-partiole and nuolmis move with the 
same velocity and in the same direction aft«r the collision. The above exjnes- 
sions for Q are thus valid for the continuous as well as for the line spectra, 
and m„ will have the same numerical value in both oases, although a different 
meaning. 

In the case of capture of the a-parttde Q » B% — B°« and in the case of 
non-capture, Q s= E®,. 
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§ 6. Examination of Experimental Results. 

We shall consider first the results with boron. Taking first the experiments 
in the forward direction, groups of protons with ranges 32 cm. and 76 om. 
were found when the incident a-particles were of 3-8 cm. range. Both these 
groups were found in the direction at right angles, with ranges 20 cm. and 
57 cm. for a-particles of 3’8 cm., and ranges 13 and 40 cm. for a-particles of 
2*8 cm. range. The energy changes Q calculated from these figures are, for 
the group of shorter range, +0*1, +0*3, +0*26, xlO® electron volts, an 
average of + 0*2 X 10® electron volts; for the longer group, +3*0, +3*5, 
+ 3*2 X 10®, an average of 3*2 X 10® electron volts. 

There can be no doubt that the latter is a line group corresponding to the 
capture of the a-particle in the disintegration process. The identification of 
the shorter group is not so clear ; the energy change is positive but, owing to 
error in the estimation of the range of the protons and to further uncertainty 
in the deduction of their energy, this evidence is not very definite. It is, 
however, supported to some extent by the shape of the absorption curve as 
obtained here and also in the experiments of Bothe and Franz. We shall 
assume that this group also is the result of capture of the a-particle. 

There is thus no evidence in our experiments for the process of ejection of 
the proton without capture of the a-particle, and for this we must turn to the 
experiments of Bothe and Franz, confirmed later by Bothe.* These workers 
found in the proton emission of boron bombarded by polonium a-particles a 
heterogeneous group with a maximum range of about 16 cm. It is difficult to 
be quite certain that this group does not arise from hydrogen impurity in the 
boron, but in both sets of experiments great care was taken to eliminate this 
source of erroi*. Assuming that this group arises from boron we find an energy 
change of — 1*4 X 10® c-volts in this disintegration. It is worthy of note 
that Bothe’a experiments show that this group has a very different angular 
distribution from the other (line) groups; it is emitted mainly in the forward 
direction. 

We have now to consider the disintegi*ation process from another point of 
view and to make use of the measurements of the masses of nuclei. If the 
mass of the nucleus before disintegration is known, then the mass of the 
nucleus formed in the disintegration can be deduced at once from the observed 
energy change. It is, however, simpler to deal with the mass defects of the 
nuclei rather than with their masses-f The mass defect is the difference between 
♦ Iroo. p. 470. 

t Of. Qamow, ‘ Proc. Roy. Soc./ A, vol. 126, p. 632 (1930). 
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the sum of the masses of the constituent partioles of the nucleus when free and 
their mass combined as a nucleus, and therefore represents the energy which has 
been released in the formation of the nucleus or the energy of binding of the 
particles, la this calculation it is assumed that a nucleus consists of a-particles, 
protons, and electrons, and that the number of a-particles is as largo as possible. 
Thus we assume that the boron isotope "consists of two a-particles, three 
protons, and two electrons. The mass of the nucleus deduced from Aston’s 
measurement of the mass of the atom is 11 *0083 ± 0*0016, and its mass defect 
is (16*7 ± 1*6) X 10"® mass units. The mass unit is defined on Aston’s basis 
of Oi 6 == 16. An energy of 1 million electron volts corresponds to a mass of 
1 '07 X 10"® on this scale, so that the total (negative) energy of the particles 
comprising the nucleus is nearly 16 X 10® e-volts. In fig. 13 the mass 
defects of the lighter elements are plotted against the number, n, of a-particles 
in the nucleus, the values taken from Aston’s data* being marked with a cross. 
We are here concerned with the energy changes when a proton is emitted 
from a nucleus either with or without capture of an a-particle, that is, with the 
change in mass defect as one nucleus is transformed into the next, either of 
higher or lower atomic number. The errors in the mass defects, as deduced 
from Aston’s measurements, are about 2 x 10 ~® mass units for the lighter 
elements. They are thus of the same magnitude as the energy changes 
observed in the disintegrations. These errors are, however, the maximum 
which can be allowed in the measurements, and the probable error may be 
taken as ^bout one-third of those given by Aston, 

We return now to the disintegration of boron. It is natural to ascribe the 
observed phenomena to the disintegration of the isotope Bjj, for this is present 
in the proportion of about i parts to 1 part of Bj^. The nucleus formed from 
with capture of the a-particle will be a carbon isotope of mass 14. In the 
process in which there is observed a release of energy of 3*2 X 10® c-volts 
there will be formed a C 14 nucleus with a maas defect of (16*7 + 3*3 ^ 20±1*6) 
X 10"® mass units. Now the mass defect of 14 ± 2*8 X I0“®, and this 
nucleus differs from C,* only by the absence of one electron. According to a 
calculation of G. Gamow, a K electron of penetrates into the nucleus about 
10 ®® times per second. If the mass defect of Cx 4 were greater than that of 
N ,4 the change N,, C,* could take place with a release of energy, and it 

would be difficult to understand why N,* is abundant and C14 is unknown. We 
must conclude that the mass defect of C,^ is less than that of N^, and therefore 
that this disintegration cannot be due to the isotope B„. 

* Aston,' Proc. Roy. Soo.,’ A. vol. 116, p. 487 (1«27). 



Artificial Disintegration by a-Particles. 481 

The other capture disintegration with a release of energy of 0* 2 X 10® c-volta 
leads to a nucleus of mass defect (16-9 i I’O) x Comparing this 

with the mass defect of (14*0 rh 2’8) x 10“®, and remembering that the 
probable errors in the defects are about one-third of those given, we see that 
it is not impossible but nevertheless unlikely that the disintegration can be 
ascribed to 

In a similar way it can be shown that the disintegration without capture 
cannot be ascribed to the transformation for this nucleus 

would have a mass defect (15»3 ±1 1*C) X 10 ® while that of B^, is (6*5 ± I' 6 ) 
X 10”» 

We shall therefore assume that the disintegration phenomena observed for 
boron must all be attributed to the isotope Bjlq. Unless the capture process 
with small change of energy is really due to Bjj, it seems that, if B^^ can be 
disintegrated, the emitted protons have not been separated in our observations 
from those emitted by Bjo- The nuclei formed by the disintegration of 
will be Be^, without capture of the a-particle, and Cjg with capture. Since we 
observe two types of capture, it follows that two types of nucleus can be 
formed. We must suppose that the disintegration accompanied by the energy 
change of 0*2 X 10® s-volts gives rise to an excited C 13 nucleus which must 
change very shortly into the stable nucleus* corresponding to the disintegration 
with an energy change of 3*2 x 10® e-volts. The energy released in this 
change will be emitted as a Y-radiation of Av == 3 X 10® e-volts. It is of 
interest to note that Bothe and Beckerf have recently reported tlie emission 
of a radiation of about this energy when boron is bombarded by polonium 
a-particles. 

In the disintegration without capture there is an energy change of — 1 * 4 X10® 
e-volts. If there is no change in the level system of the nucleus in the dis¬ 
integration, we can conchide that the proton level of the Bjq nucleus is at 
™ 1*4 X 10® s-volts. We assume that both protons are in this level. The 
total energy defect of the Bk, nucleus is about 6 X 10® c-volts. We shall 
ascribe the difference between the total defect and the defect of the protons to 
the two a-particIes, for nothing definite can yet be said about the behaviour 
of electrons in a nucleus. The a-partioles of the Bjo nucleus will then be at a 

* [Note added in proo/,—The mass defect of C 13 deduced from these experiments is 
(9*9 ±1*7) X 10“®. King and Birge (^AstrophyH. J.,’ vol. 72, p, 19 (1930)) have 
recently obtained^ from the band spectrum of carbon, a comparison of the masses of 
Oj, and Cu which leads to a value (11 ±2) X 10"® for the mass defect of Cx,.] 

t Bothe and Becker, ‘ Naturwias.,’ vol. 31, p. 705 (1930). 
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level of about — 1*6 X 10® e-volts. We may suppose that the capture dis¬ 
integrations of boron occur in the following way. The a-particle is captured 
into the stable a-particle level of the Bjo nucleus. One type of disintegration 
corresponds to the immediate emission of a proton, before there is any general 
change in the level system, with a release of energy of 0-2 X 10® e-volts. The 
second type is obtained when a reorganisation of the nucleus takes place before 
the emission of the proton, and an extra amount of energy is releas<^d. This 
picture of the nucleus and its disintegration processes is consistent with the 
available data, but it must be admitted that it is speculative and the 
processes may not be so simple as we have supposed. 



Flo. 13.—The mass defects arc plotted against the number, of a-particlee assumed to 
exist in the nucleus. The unit of ordinates is 10^® mass units (Oj, = 16), and is 
equivalent to 0*93 X 10* c-volts. The mass defects deduced from Aston’s data are 
denoted by X, those from jdisintegration experiments by 0. 

Nitrogen ,—^In the case of nitrogen we have evidence of one group of protons, 
corresponding to a capture of the a-particle. The energy change Q is about 
— I*3xl0® e-volts. The scintillation experiments of Rutherford and 
Chadwick, in which the incident a-particles had a range of 7 cm., lead to an 
energy change of about —1*4 x 10 ® c-volts; the agreement is very satisfactory. 
We conclude that in nitrogen the level of the protons is much deeper than the 
a-particle level. The nucleus formed in the disintegration of nitrogen is 
0 ^7. Its mass defect deduced from these experiments is given in fig, 13, 

It may be noted that Blackett observed seven disintegrations of nitrogen 
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ia which the a-particle was captured and none without capture. It seems 
probable that disintegration of nitrogen without capture occurs relatively 
seldom. The result of such a disintegration is the formation of a nucleus. 
The mass defect of this nucleus has been obtained from the boron experiments, 
and it appears that the transformation N 14 requires an expenditure of 
energy of about 3-9 X 10® s-volts. We are thus able to account in a general 
way for the difficulty of this type of disintegration. 

The combination of both results leads to a picture of the nitrogen nucleus 
in which the three a-particles are on a level of about — 2 to-“ 2 ‘ 6 xl 0 ® 
e-volts, and the two protons at a lower level, about — 3-5 to — 4 X 10® 
c-volts, a scheme which Is in fair agreement with the known mass defect of 
the nitrogen nucleus. 

Aluminium .—In discussing the evidence on the disintegration of aluminium 
it is convenient to consider first the origin of the weak group of range 62 cm. 
It has been suggested above that this group is the result of a resonance between 
a-particles of a certain definite velocity and a “ false level in the ahuninium 
nucleus. The evidence for this explanation depends mainly on the experiments 
of Pose,* Pose found in fact that the proton group of long range consists of 
two parts, one group of range 60 cm. and another of range 60 cm.f He was 
able to show that the 60 cm, group occurs only when a-particles of 2*66 cm. 
range are present in the bombarding beam of particles, and that the 60 cm. 
group is due only to a-partiolcs of 3*51 cm. range. Both groups are therefore 
due to resonance of the type suggested by Gurney which was mentioned in 
the previous section. The energies of the resonance levels deduced from these 
results are about 3*9 X 10® e-volts and 4*8 x 10® e-volts. 

According to Pose these two resonance groups account for the whole of the 
protons of long range. Such a result would mean that penetration of the 
potential barrier of the aluminium nucleus is only effected when resonance 
oours, that a-particles which have not the energy corresponding to a “ false 
level have no chance, or at most an exceedingly small one, of penetrating into 
the nucleus. Our experiments, on the other hand, suggest that a-particles which 
are not in resonance with the nucleus are nevertheless able to cause a detectable 
amount of disintegration, but in our opinion neither our own results nor those 
of Pose are sufficient to give a decisive answer on this question. 

Until this point is decided the results of experiments on the disintegration of 

* Pose, * Z, Physik,’ vol. 04, p. 1 (1930). 

t Pose gives the m^es at O'" 0. and 760 mm. We give here the ranges at 15® €. and 
760 mw. in aocordanoe with our practice throughout the paper. 
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nuclei by a-particles of energy smaller than the height of the potential barrier 
cannot be interpreted satisfactorily, for the maximum range of the emitted 
protons may correspond not to the capture of the a*particle of maximum range, 
but to the capture of an a-particle of unknown (lower) range which enters the 
nucleus by a false level. It may be noted that this question does not affect 
the previous consideration of the disintegration of boron and nitrogen, for the 
potential barrier against the a-particle for these nuclei is probably less than the 
energy of the polonium a-particlc. For nuclei of higlier atomic number than 
these we must interpret the experimental results with some reserve. 

Considering now the energy changes in the disintegration of aluminium we 
find that Pose’s measurements of the resonance groups lead to a gain of energy 
of 2-5 X 10® e^volts in one case, of 2-4 x 10* in the other. If we attribute 
the maximum proton range of 65 cm. observed in our experiments to the 
a-particle of maximum range (3*7 cm.) incident on the aluminium, we find 
Q -|- 2*3 X 10* S'Volts, a fair agreement. This disintegration is undoubtedly 
a case of capture of the a-partiole, in which A\^ is transformed into Si^o. 

The main group of protons from aluminium, of range 32 cm. for an incident 
ot-particle of 3*7 cm. range, corresponds to a value of Q of — 0*1 X 10* e-volts 
(taking the average of all observations). This group has been ascribed** to a 
disintegration without capture of the a-particlc. Suclt an interpretation seems 
difficult to sustain, not only on accourit of the shape of the absorption curve, 
but mainly because of arguments based on the mass defects of nuclei. If this 
group is the continuous spectrum then the disintegra tion Al^? Mg 2 fl takes 
place with very little change of energy and Mgjjg has the same mass defect as 
A 1 j 7 . This seems most improbable (r/. fig. 13). Further, we should have an 
aluminium nucleus in which one proton was at a level of — 0*1 X 10* volts, 
and the a-particles at (roughly) — 2*5 x 10 ® e-volts. The total energy defect 
of aluminium is not known, b\it it cannot be very different from about 40 to 
45 X 10* e-volts (fig. 13). To account for the large defect we should 
have to put the remaining pair of protons in an exceedingly deep level. It 
seems more plausible to ascribe this group of protons also to capture 
disintegration, in which an excited nucleus is formed, which will pass 
to the stable Sigp, given by the other capture process, with the emission of 
y-rays of Av == 2-4 x 10 ® e-volts. 

There is then no evidence in these experiments of a continuous spectrum of 
protons. The range of this spectrum cannot be greeter than 16 cm. in the 
forward direction, that is, the loss of energy in disintegration without capture 
* C/. Chadwick and Gamow, loc, cit, and Pose, loc, cit. 
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must be greater than 1*3 x 10* e-volts. There is some indication in the early 
experiments of Rutherford and Chadwick that the continuous spectrum of 
aluminium disintegrated by a-particles of 7 cm. range cannot have a range 
in the forward direction greater than about 30 cm. Such a range would lead 
to a loss of energy in the disintegration of about 2-5 X 10® e-volts. We may 
take this as a minimum value for the depth of the first proton level of aluminium. 
The mass defect obtained for Mg^ from this will be a maximum value. 

The evidence about the aluminium nucleus may be summed up as follows. 
Experiments on the scattering of a-particles by aluminium suggest that the 
height of the potential barrier (for an a-particle) is about 7-4 x 10 ® c-volts.* 
Pose’s experiments quoted above give two “ false levels of 4-8 X 10® and 
3-9 X 10* e-volta. The first proton level is probably at a greater depth than 
— 2*5 X 10* £-volt 8 , and, from a general consideration of mass defects, the 
a-particle level may be about — 5 X 10* e-volts. More experimental evidence 
is clearly required. 

Fluorine and Sodium .—The absorption curves of the disintegration protons 
from these elements are difficult to explain. They show no indication of the 
presence of discrete groups. We must suppose, until we have further evidence, 
that there may be several groups which have not been resolved under the 
conditions of our experiments. 

Assuming that the maximum range of the protons corresponds to a dis¬ 
integration effected by the a-particle of maximum range used in the experiments, 
and not to a resonance phenomenon, we find that in the case of fluorine there 
is a gain of energy in the disintegration of 1 *8 X 10* e-volts, and in the case 
of sodium a gain of 1*0 X 10® e-volts. Both these disintegrations must take 
place with capture of the a-i)article and correspond to changes 
and Na,g-»Mg,g. The mass defects of Ne,, and Mg,, deduced from thew 
results (assuming the mass defect of Na„) are shown in fig. 13. It is to be 
noted that these will be minim um values for the mass defects. 

Photphortis. —The disintegration observed for phosphorus is clearly one of 
capture. The energy change Q is + 0*6 x 10* c-volts, assuming again that 
the effect is due to a-particles of the maximum range present. The value 
deduced for the mass defect of Sgg is shown in fig. 13. If the observed dis¬ 
integration of phosphorus were due to a resonance between the nucleus and a 
slower a-particle the true energy change will be greater than the above, and 
the mass defect of 834 will be correspondingly larger, 

• Of. Rutherford, Chadwick and EUia, “ Radiatiims from Radioactive Substances,’* 
p. 278, Cambridge University Press. 
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§ 6. General Discussion. 

In the above examination we have found it possible to explain all our experi- 
mental results (with the exception of those for fluorine and sodium) by the 
assumption of definite levels for the protons and the a-particles in a nucleus. 
In making further deductions about the structure of nuclei we have assumed 
that a nucleus consists of electrons* protons, and a-particles, the number of the 
latter being as large as possible; that all the a-particles of a stable nucleus 
are in the same energy level, and that not more than two protons can be put 
into the same proton level. These assumptions seem to be suflicient to satisfy 
such facts as are at present known. 

We have supposed that two types of disintegration are possible, one in 
which the a-particle is captured by the nucleus, and the other in which a proton 
is ejected without capture of the a-particle. All the groups of disintegration 
protons observed in our experiments have been ascribed to capture disintegra¬ 
tion. The only experimental evidence for disintegration without'capture has 
been derived from the experiments of Bothe and Franz on the disintegration 
of boron. It is most important to find the continuous spectrum of protons 
corresponding to disintegration without capture, for this gives immediately 
the level of the proton in the nucleus. As we have seen, the evidence to be 
obtained from the line spectrum is not so simple and definite, for this is con¬ 
cerned with the general change in the a-particle levels during the disintegration 
as well as with the proton level of the original nucleus. 

It may be possible to find evidence of disintegration without capture in 
another way. If we examine the a-particles scattered through largo angles 
by, say, a Bio nucleus, we should find two groups of particles; one group 
with an energy corresponding to the momentum and energy relations for the 
normal collision, and a second group, corresponding to a-particles which have 
disintegrated the nucleus, with a maximum energy lower than the first by the 
amount necessary to remove the proton, in this cose about 1-4 x 10® c-volts. 
In other words, there will be a group of elastically scattered particles and a 
group of inelastically scattered particles. The phenomenon is analogous to 
the scattering of electrons by an atom. 

In some cases, notably in the case of boron, the disintegration by capture 
takes place in two ways, and it is necessary to assume that two types of the new 
nucleus can be formed. The type which is formed with the smaller release 
of energy must change later into the second, more stable type, with the emission 
of energy in the form of y-radiation. In the majority of disintegrations by 



Artijicicd JJisintegr(Uion hy et-Partid^. 487 

capture of an excited Cjg nucleun is first formed, and the stable Ci. nucleus 
is produced relatively seldom in a single step. The same is true in the case of 
aluminium. It is as if a nuclear transformation is more likely to take place in 
a series of steps of small energy changes than in a single step of large energy 
change. The emission of y-rays from light elements bombarded by a-particles 
has been detected by Mr. H. C. Webster in this laboratory and more particularly 
by Bothe and Becker.* The latter have estimated the energy of the y-rays, 
and their results agree with our deductions in the two cases, boron and 
aluminium, for which we have experimental data. 

If the mass of a nucleus which can be artificially disintegrated is known we 
can deduce, from tlic values of the energy changes in the disintegration, the 
masses of the new nuclei which are formed in the process. Since a very small 
mass corresponds to a large amoimt of energy no sensible error can be intro¬ 
duced by the disintegration experiments. We can thus extend Aston's mass 
measurements, and in some cases obtain an independent check on them. 
Unfortunately, most of the nuclei formed in disintegration experiments have 
not been measured in the mass spectrograph, and many of them are indeed of 
rare occurrence. A notable exception is the neon isotope Ncjg, and for this 
our result is very different from Aston’s. We are informed by Dr. Aston 
that the measurement of the mass of Negg may be inaccurate owing to technical 
difficulties. Fig. 13 gives the results of Aston's mass measurements of the 
lighter elements and our deductions from the disintegration experiments, in 
terms of the mass defects of the nuclei. The masses of sodium and aluminium 
have not been measimxi in the mass spectrograph. We have assumed that the 
mass defects of these nuclei lie on the curve drawn for the mass defects of 
4n + 3 bodies. It must be noted that the value for Mg 26 deduced from sodium 
is a minimum estimate, while that deduced from aluminium is a maximum 
estimate for the mass defect. 

A point of some interest arises from a consideration of the mass defects of 
the very light elements. It is well known that no certain evidence of the 
disintegration of lithium or beryllium has been obtained, although it is to be 
expected that, generally speaking, the lighter the element the easier its dis¬ 
integration should be. An explanation can now be given in terms of the mass 
defects. Lithium consists mainly, to about 93 per cent., of the isotope Li,. 
This would give by capture disintegration (which is the easier to observe) a 
beryllium nucleus of mass 10. If this nucleus is to exist it must have a mass 
defect less than that of boron of mass 10. An inspection of fig. 13 shows that 

♦ Botbe and Becker, Zoc. tiU 
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the change Li 7 can take place only with a large absorption of energy, 

nearly 8 x 10 * c-volts. Even with the fastest a-particles at our disposal, the 
disintegration of Li^ would therefore be very difficult to observe. The other 
lithium isotope Lig would change with capture of an a-particle and emission 
of a proton to Be^. This transformation also requires a supply of energy, in 
this case about 1*1 x 10 ® £-volts. If the mass defects given in fig. 13 are 
accurate it should be possible to observe the disintegration Li^ Be^ under 
good experimental conditions. It must be remembered, however, that for 
deductions of this kind the masses of the nuclei must be known very accurabdy, 
for a mass of O'OOl corresponds to an energy of nearly 1 X 10* volts. In 
the case of beryllium, a capture disintegration leads to the formation of a 
nucleus of boron of mass 12. This must have a mass defect less than that of 
and hence the disintegration will require a supply of energy of 

at least 2 x 10 * e-volts. 

There remain some questions of a general nature. The experimental evidence 
indicates that the protons resulting from a capture disintegration arc emitted 
fairly uniformly in all directions. The only evidence on disintegration without 
capture suggests that in this case the protons are emitted mainly in the direction 
of the incident a-particles. If this is true in general the distribution with angle 
will provide a valuable criterion for the recognition of the types of disintegration, 
but it may be that the distinction only holds in the case of very light elements 
when the recoiling nucleus has a relatively large velocity. There is also the 
question mentioned in the discussion of the disintegration of aluminium— 
whether a-particles of smaller energy than corresponds to the height of the 
potential barrier have any appreciable chance of penetrating into the nucleus 
and causing disintegration. (We disregard here the occurrence of resonance.) 
Allied to this is also the question whether the protons emitted in disintegration 
pass to any appreciable extent through the potential barrier of the nucleus 
or whether they must always require sufficient energy to leap the barrier if 
they are to escape. Both these questions are of great importance in the 
general problem of artificial disintegration, but they must be left for further 
experiment to decide. It may be noted here that if there is a sudden change 
in the chance of capture when the energy of the a-particle falls below the height 
of the potential barrier, it should be possible to obtain, from the energy dis¬ 
tribution of the protons emitted under suitable conditions, definite information 
about the height of the potential barriers of nuclei. 
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Summary. 

The protons emitted by certain elements when bombarded by a-particles 
have been examined by an electrical method. Polonium was used as the 
source of a-particles, and the emitted protons were observed both in the 
direction of the incident a-particles and at right angles to it. 

It was found that, except in the cases of fluorine and sodium, the disintegra¬ 
tion protons consisted of distinct groups. The origin of theae groups is explained 
on the assumption that the protons and a-particles contained in a nucleus are 
in definite energy levels. Information about the position of these levels is 
obtained from an examination of the experimental results. The mass defects 
of certain nuclei formed in the disintegration processes are deduced. Some 
points of general interest in the problem of artificial disintegration arc discussed. 

It is a pleasure to acknowledge here our indebtedness to Dr. G. Gamow for 
his help in the interpretation of our experiments. 

We also acknowledge gratefully the grants received by two of us from the 
Department of Scientific and Industrial Research. 
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[Pl^ATB 7,] 

1. Introduction. 

A detailed investigation of the Raman bands for water in the solid and 
liquid states was first made by the author.* Therein it was found that both 
ice and water give throe sets of bands at XX 4170, 4680 and 6106 A.U. respec¬ 
tively, corresponding to exciting mercury lines at XX 3660, 4047 and 4358 A.U. 
The positions of these bands were not identical for ice and water. The former 
was found to give sharper bands and their shift from the original exciting 


* ‘ Ind. J, Phy».,’ vol. 8, p. ISl (1928). 
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line was less than for water. The mean infra-red absorptions corresponding 
to the bands for ice and water were 3* 1 fJi and 2*99 fx respectively. 

The above work was done with an instrument of very small dispersion, so 
that the structure of the band in either case could not be studied at all. 

Working with a spectrograph of larger dispersion, Kohlrausch and Dadieu* 
found that these bands were not single but double, and they observed the 
same sets of bands as the author reported in the work referred to above. 
To determine if these bands in the different regions of the spectrum correspond 
to the same infra-red frequency, the authorf investigated the Raman spectrum 
for water in the visible as well as the ultra-violet parts of the spectrum. 
Eleven bands were obtained due to eleven strong exciting mercury lines. 
The shift of each band from the corresponding original line was found, within 
the limits of accuracy of determining the position of the maximum of intensity 
of the band, to be the same for all the bands. Thus there cannot be any doubt 
as to the origin of these bands. They all correspond to one and the same 
infra-red frequency of water. 

A more thorough investigation with water, ice and solutions of electrolytes 
was made by Ganesan and Venkateswaran.+ They obtained with water 
three bands, each of which consisted of three components gradually shading 
into one another, the central one being the brightest. These corresponded 
to infra-red wave-lengths at 2*77 pi, 2*90 pi and 3*13 pi respectively. They 
recorded observing two more faint bands corresponding to 4*25 pi and 1 *82 p. 
For ice Ihey got the former three bands distinctly resolved from one another, 
and their shifts from the exciting lines were attributed to 2*82 pi, 2*95 (x and 
3* 13 p. Their work with nitric acid has shown equally sharp bands. 

Krishnan§ has obtained, with selenite crystal, bands which were in the 
same position as for ice and equally sharp. * 

Working with concentrated solutions of electrolytes and with water at 
different temperatures, the author obtained results which were briefly reported 
pTeviously.il It was found that with increasing concentration of the electrolyte 
(nitric acid in the case reported), the three bands which merged into one another 
became sharper until in very strong solutions there appeared only two sharply 
resolved bands. With increasing temperature of water the band which was 

♦ * Naturwiss./ vol. 17, p, 627 (1929). 
t ‘ Nature/ vol 128, p. 87 (1929). 
t * Ind, J. Phys./ vol. 4, p. 286 (1929). 

§ ‘ Nature/ vol. 122, p. 477 (1928). 

11 ‘ Nature/ voL 128, p. 600 (1980). 
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unresolved became sharper and shifted more and more from the exciting line. 
The interesting part of the observation lay not in the sharpening of the bands, 
but in the change in the distribution of their intensity. 

Gcrlach* * * § recorded a similar observation with solutions of strong electrolytes, 

Pringsheim and Schlivitchf also observed the same phenomenon with 
solution of lithium chloride and with change of temperature. 

Meyerj interpreted the bands at XX 4167 and 4678 A.U, as belonging, not 
to two different exciting mercury lines, but to two different characteristic 
frequencies of two different modifications of water molecule. But in a later 
communication! this view was contradicted by him. In this, he described 
his work with water at high temperatures also. He found the sharpening of 
the water bands with increase of temperature, and attributed this to change 
of water molecules from the associated to the unassociated state. He also 
mentioned a difference in the intensity changes with temperature of the above 
two water bands which could not be noticed by the author. 

All the work described above was only qualitative, no attempt being made 
to measure the intensity distribution in the bands and to interpret the changes 
with temperature and addition of electroljdieB. The purpose of the present 
communication is to describe the w^ork of the author in this direction. In the 
light of the previous work done in the infra-red region of the spectrum on the 
structure of the water band in the different states, an explanation is given 
of the changes observed. 

The method of obtaining Raman spectra adopted by the author was 
described in detail in a previous communication,|| 

2. Results. 

Fig. 2 (Plate 7) represents the spectrum of mercury arc light scattered by 
water in the visible and ultra-violet parts of the spectrum. The direct 
mercury arc spectnim is given above it in fig. 1 for comparison. There are 
altogether eleven Raman bands, some of which arc too faint to be seen in 
the plate, corresponding to eleven strong exciting mercury lines. Each of 
these bands appears to consist of three components which gradually diffuse 
into one another. The central component is of maximum intensity and is 

* * Naturwiss./ vol. 18, p. 68 (1930), 

t ‘ Z. Phyaik,’ vol 00, p. 581 (1930), 

t ‘ Phj^k, Z.,’ vol. 30, p. 170 (1929). 

§ * Physik, Z.: vol. 31, p. 609 (1930), 

II * Proc. Roy. Soc,,’ A, vol 127, p. 279 (1930). 
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unsyxnmetrical with rcBpect to the other two. It is nearer the band with the 
greatest shift from the exciting mercury line. Since, with visual micrometer 
measurements, it is diflScult to locate the position of the maxima of intensity, 
microphotometric records of the whole spectrum were taken from which the 
positions of the maxima were easily located and their wave-lengths determined. 
Though visually the band appears to consist of three components, even the 
microphotometer could not distinctly resolve them. The results of the wave¬ 
length measurements of the intense bands are given in the following table. 
For each band, the wave-lengths of the two ends and the central maxima are 
indicated in the table. 

The first and second columns in the tabic contain the wave-lengths of the 
exciting mercury lines and their wave numbers respei^tively. In the third 
and fourth columns are given the same values for the Raman bands accompany¬ 
ing them. The fifth column contains the wave number differences of the 
numbers in the second and fourth columns. The infra-red w^ave-leugths 
corresponding to these differences are represented in column 6. 


rv. 


A^in 

A,U. 

•’k'“ 

5 1 ' in 
cm.***. 

! A infra-red 

j in M- 
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1 
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3452 

28960 

3021 

3*31 

3126-32 

31981-19 -1 

3507 

28506 

3444 
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\ 

3632 

28305 

3614 

2*77 


r 

4124 

24241 

3148 

3*18 

3663 50 

27389-293-< 

4172 

23963 

3389 

2*95 


1 

4232 

23623 

3669 

2*73 


f 

4623 

21622 

3083 

3*24 

4047 

24706 >{ 

4697 

21262 

3423 

2*92 


L 

4746 

I 

21065 

3640 

2*76 


It is evident from the table that the maximum is not symmetrically situated 
with respect to the whole band* The mean values of the three positions of 
the band are 3-24 (X, 2'92 and 2*75 (A. 
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Figs. 3 and 8 (Plate 7) represent Raman spectra for pure water. The two 
bands at XX 4172 and 4697 A.U, respectively corresponding to exciting mercury 
lines XX 3663-50 and 4047 A.U. are indicated. Figs. 6 and 7 are with sodium 
chlorate solutions of concentrations 50 and 21 per cent. Fig. 5 is with 
concentrated nitric acid of 108 per cent, and fig. 4 is for sodium nitrate solution 
of 50 per cent, concentration. All the above concentrations are in grams 
per 100 c.c. of solution. 

The sharpening of the water bands with increasing concentration of the 
electrolyte is quite clear from the plate. In nitric acid there are two distinctly 
resolved bands at XX 4698 and 4732 A.U., corresponding to infra-red wave¬ 
lengths of water at 2*92 (jl and 2*79 p respectively. 

The variation of the intensity distribution of the band at X 4172 was studied 
with increasing concentration of sodium nitrate and nitric acid. Because of 
the saturation of the former at about 50 per cent, concentration the study 



Fm, 1.—Change of the Intensity Distrlbnticm of the Raman Band for Water with 

addition of Nitric Acid. 
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4^4 

could uot be extended further; but with nitric acid the changes in the 
structuxe of the water bands could be made up to 76 per cent, concentration) 
after which absorption set in due to formation of nitrogen peroxide. The 
curves with the intensity distribution in the water band against the infra-red 
wave-length, calculated from the shift of the point in the band from the 
exciting mercury line, are given in fig. 1 for different concentrations of nitric 
acid. Because of the diminution of the percentage of water with increasing 
amount of nitric acid the maximum of intensity gradually diminishes. 

To compare the exact form of the bands at the different concentrations, 
the curves at the higher concentrations are magnified to the same scale as that 
for water. Only three curves are given in fig. 2, representing the intensity 
distribution of the band for pure water and 38 per cent, and 76 per cent, oon- 
cimtrations of nitric acid. It is evident that in 38 per cent, nitric acid the 
water band is much sharper. At 76 per cent, the resolution of the two bands 



Fio. 2.—Change of the Intensity Distribution of the Raman BandJ for Water with 
addition for Nitric Acid. Bands with Nitric Acid enlarged to the same Siae as that 
with water. 
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ooxresponding to 2*97 p and 2-89 p already commences. Another notable 
feature of the changes is the shift of the band as a whole towards the short 
wave-length side with increasing concentration. Hence the position of the 
latter in 108 per cent. HNOg is 2 • 79 jx, whereas that at 76 per cent, is at 2 *89 (i. 

Fig. 3 represents the curves showing the distribution of intensity in the 
water band at 14° C. and 75° C. The spectra are exposed for the same time 
under identical conditions. Thus any changes in the Raman band must be 



Pia* 3,—Ghajago in Intensity Distribution of the Raman Band for Water with 

Temperaturo. 

due to chaxige in the constitution of water on account of change of temperature. 
There are two important features of these changes. The first is the diminution 
in its intensity on the longer wave-length side and the second the increase 
on the shorter wave-length side with increasing temperature. 
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3. Discussion, 

Collins* found similar changes with temperature in the infra-red absorption 
bands of water. The shift in the position of the maximum of the band towards 
the shorter wave-length side was clearly noted by him. He did not work 
with the one corresponding to 2*94 jx, but with bands lying between 0*7 and 
2 * 1 p. Hettnerf investigated the infra-red absorption bands of water-vapour. 
He found strong diffuse bands, the wave-lengths of whose maxima were 
approximately 1 • 36 fx, 1 * 84 jx, 2 • 70 (x and 6 * 30 (x. Of these, that correspond * 
ing to 2 • 70 p only is obtained by the author in the Raman spectrum. Ganesan 
and Venkateswaran reported having observed the bands corresponding to 
1 *82 fi and 4*25 p, but the author could not detect them. No other worker 
on the Raman spectrum for water has mentioned having found these bands. 

On comparing the bands for water and ice, the author found that in ice 
they correspond to a longer infra-red wave-length than in water. In water- 
vapour Hettuer found the maximum of the band at 2*70 p. The band 
for ice corresponds to 3-10 p, but in water the maximum is at 2*94 p. 

The difference in the positions of the bands for the three different states 
can be explained if water is supposed to consist of three kinds of molecules, 
single HjO, double (HgO )2 and triple (H^O).,. The relative proportions of 
these depend on the physical condition of water. It may be reasonable to 
suppose that, in ice, the double and triple molecules are more in proportion 
than in the liquid and vapour states. In the latter it may consist entirely 
of single molecules, which give rise to the band at 2*70 p observed by Hettner 
in the infra-red absorption. Thus the remaining two maxima at 2*96 p and 
3*13 p obtained by Ganesan and Venkateswaran in ice may be attributed 
to the double and triple molecules respectively. The feeble intensity of the 
band at 2*82 p in ice observed by the above authors indicates the small 
proportion of single molecules in ice. While in water the maximum of intensity 
is at 2 *94 p, in ice the two resolved bands 2 *96 p and 3 * 13 p are equally bright. 
This is an indication of the larger proportion of triple molecules in ice than in 
water. 

From the above it is now easy to explain the changes in the intensity 
distribution of the water band with temperature. With increasing temperature, 
the intensity on the shorter wave-length side increases and that on the longer 
side diminishes. The part of the band on the former side is due to single 

* * Phys. Rev.; voL 26, p. 771 (1923). 
t * Ann. Phyaik, vol. 66, p. 476, 
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molecules and that on the latter due to triple molecules, as has been assumed 
in the previous paragraph. The above changes in the intensity distribution 
show that, with increasing temperature, the number of single molecules in 
water increases and that of triple molecules diminishes. With the above 
data it is difficult to determine the nature of the change in the proportion of 
double molecules; but from the gradual shift of the maximum of the band 
from 2'94 g towards 2-70 g it appears that the double molecules also 
diminish. 

It would have been interesting to determine quantitatively the relative 
proportions of the different types of molecules in the various stages, but the 
bands due to them overlap so much that their analjmis is difficult. A study 
of the differences in the intensity of the bands at 14° C. and 75° C., however, 
has confirmed the above views regarding the changes with temperature in the 
intensity distribution. The differences are plotted at the bottom of fig. 3. 
The curve giving the intensity differences on the short wave-length side has 
a single maximum and is approximately symmetrical, but that on the 
longer side has two maxims. A rough analysis of the latter has resulted 
in the two simple curves given on the longer wave-length side in fig. 3. The 
three curves correspond to the changes in the amounts of the three different 
types of molecules in water. The fact that the difference at about 3*13 p is 
more than that at 3*02 p shows that the triple molecules which have their 
band at the longer wave-length diminish with temperature more than the 
double molecules. The curve with maximum at 2*83 p is higher than either 
of the other two. This shows that the increase in the proportion of single 
molecules with rise of temperature is much more than the diminution of either 
the double or triple molecules. This is obvious because the double and triple 
molecules both change into single with rise of temperature. Thus the study 
of the curves confirms the general explanation given above of the behaviour 
of the water bands. 

There is an error of about 10 per cent, in the estimation of the intensities of 
the bands. Thus the curves giving the differences of the two bands at the two 
different temperatures are much more in error. Hence a comparison of 
the intensities of the three lower curves may not give exactly the changes 
in the proportions of single, double and triple moleonles. Also it is not known 
how far the ratios of the intensities are Ihe same as the ratio of the numbers 
of the different types of molecules. Hence no attempt is made to arrive at 
qua&titarive values of the above ohaimes. 

From these observations of the temperature effect it is easy to explain the 

2 K 2 
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changes, indicated in fig. 1, of the intensity distribution of the water band 
with addition of electrolyte. In the initial stages the band shifts to the 
short wave-length side as with increasing temperature. This may be due 
to the diminution of the proportion of the triple and increase of the single 
water molecules. In the later stages, however, a second maidmum begins to 
develop, as will be seen from the band for 76 per cent, nitric acid, which does 
not appear at all in the temperature phenomenon. The reason for this may be 
the formation of hydrates. The water molecules, instead of combining 
among themselves, begin to associate with the molecules of the electrolyte. 
The position of the hydrate band cannot be the same as for water; but the 
heaviness of the ions or molecules with which the water molecule combines, 
results only in a small shift of the water band. Hence we get the second 
maximum in nitric acid at about 2*94 p. On account of the superposition 
of the band due to the hydrate on that due to water alone it is difficult to 
say how far the water uncombined with the electrolyte is associated into double 
molecules; but it can be mentioned with certainty that the triple molecules 
diminish with increasing amount of the electrolyte. 

To attempt at an exact analysis of the bands it is necessary to work with 
water at temperatures much higher than 100® C., where the number of double 
and triple molecules may be negligible in comparison with the single. Also 
exact intensity work with Raman bands in ic^ and in water-vapour is also 
required. 

4. Summary, 

1. A brief account of the previous work on the Raman bands for water is 
given. 

2. Exact wave-length measurements of the bands in the visible and ultra¬ 
violet regions of the spectrum are made. The maximum of the water band 
lies at mean wave-length 2*92 p and the two extremes lie at about 2-75 p 
and 3‘24 p. 

3. Study of the band with addition of electrolyte has shown that it getn 
harper and the maximum shifts towards 2-70 p. With high concentrations, 
a second maximum appears at about 2*79 p. 

4. Change of temperature of the water has shown that the intensity on the 
long wave-length side diminishes and on the short wave-length side increases 
as with addition of electrolyi^e. 

6 . This is explained as being due to changes in the proportions of the single, 
double and triple molecules, which water is supposed to consist of. The 
diminution in the intensity on the long wave-length side is attributed to 
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diminution of the amount of triple molecules which give rise to the band here. 
The increase on the short wave-length side is explained as due to increase 
in single water molecules. Comparison of the work in the infra-red by others 
has confirmed these observations. 

6 . The changes in the intensity distribution of the band with addition of 
electrolytes is also explained by changes in the proportions of triple and single 
molecules. The development of the second maximum with concentrations 
higher than 76 per cent, of nitric acid is attributed to formation of hydrates. 

The work was partly done in King’s College, London, and partly at Phpisoh 
Laboratorium, Utrecht. The author is extremely grateful to Prof. O. W. 
Richardson and to Prof. L. S. Omstcin for the help and encouragement they 
gave during the course of this work. 


Quantum Mechanics of Electrons in Crystal Lattices, 

By R. de L. Krokiq and W. Q. Penney, University of Groningen. 

(Coratnunicated by R. H. Fowler, P.R.S.—Received November 13, 1930.) 

Introduction .—Through the work of Bloch our understanding of the behaviour 
of electrons in crystal lattices has been much advanced. The principal idea of 
Bloch’s theory is the assumption that the interaction of a given electron with 
the other particles of the lattice may be replaced in first approximation by a 
periodic field of potential. With this model an interpretation of the specific 
heat,* the electrical and thermal conductivity,f the magnetic susceptibility,J 
the Hall effect,§ and the optical propertiesH of metals could be obtained. The 
advantages and limitations inherent in the assumption of Bloch will be much 
the same as those encountered when replacing the interaction of the electrona 
in an atom by a suitable central shielding of the nuclear field, as in the work of 
Thomas and Hartree. 

♦ Bloch. ‘ Z. Physik/ vol. 62. p. 666 (1928). 

t Bloch, * Z. Physik; vol. 62. p, 656 (1928). vol. 63. p. 219 (1929). and vol. 69. p. 20S 
(1930); Peierls, ‘ Ann. Physik,’ vol. 4. p. 121 (1930), and vol. 6. p. 244 (1930). 

t Bboh. ‘ Z. Physik.’ vol. 63, p. 210 (1929). 

I Potok. ‘ Z. Physik,* vol 68, p. 256 (1929). , 

II Kronig, ‘ Proc. Boy. Soo.,’ A, vol 124, p. 400 (1929). 
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In the papers quoted a number of general results were given regarding the 
behaviour of electrons in any periodic field of potential To obtain a clearer 
idea of the details of this behaviour with a view to the application in special 
problems, however, it appeared worth while to investigate the mechanics of 
electrons in periodic fields of potential somewhat similar to those met with in 
practice and of such nature that the energy values W and eigenfunctions ^ 
of the wave-equation can actually be computed. It is the purpose of this 
article to discuss a case where the integration is possible. In Section 1 the 
energy values and in Section 2 the wave-functions in their dependence on the 
binding introduced by the potential field axe discussed for the one dimensional 
problem. In Section 3 the matrix elements of the linear momentum, which 
furnish the electric current associated with the various stationary states as 
well as the probability of radiative transitions between these states, are 
evaluated. In Section 4 the results are extended to the three dimensional 
case and those features considered which one may expect to find in the case 
of more general periodic fields of potential Section 6 deals with some applica¬ 
tions to physical problems. 

1 . The Energy Values *—The potential field which we shall consider is 
essentially that shown in fig. 1. Later on we shall pass to the limit 6 — 0 

II 


Fio. 1. 

and Vq = oc as this makes the results mathematically simpler without 
essentially altering their character, but to begin with we leave both 6 and 
finite. The wave-equation of the problem is given by 

g + ^.[W-V(*)]4, = o, = (1) 

and following Bloch'*' we enquire after the solutions which are periodic over 
a distance L = G (a + &)> where Q is a large integer. As he has shown, these 
solutions must be of the form 

<{;(») = « (a:) c**', a = 27tA:/L, (2() 

where k is any integer and «(») a function periodic in x with the period (a + 6). 
To find u (x) we can hence confine ourselves to one period of the lattice, say 
* Bloch, ‘ Z. PhysOt,’ vol. 62, p. 666 (1828). 
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from x = --btox^ a, and moreover, since we later shall make ¥*==«, 
we may assume 0 < W < V,,. Substituting the ez{«e8Bion (2) in equation (1) 
imposes on u in the range — 6 ^ x g 0 the condition 

with the solution 

u ^ f (3) 

while in the region 0 we have 

g + 2i.g-(#-P).>0 

with the solution 

u = 4 - (4) 

Here fj and y are given by 

fj ~ K- y/W, Y — « V"Vq — W. (5) 

In particular p and y ai’c real quantities and may be assumed positive without 
loss of generality. 

The constants A, B, C, D are to be so chosen that the solutions in the two 
regions have the same value and the same first derivative for x = 0, while 
from the periodic nature of u it follows that the solution (3) and its first derivative 
for X — — 6 shall be equal respectively to the solution (4) and its first derivative 
for X ~ a. The four linear homogeneous equations resulting for the constants 
from these requinraents are 

A+B = C+D. 

(—jk+y) A+(—ia—y)B = t (—a+p)C+t(—a—p)D, 

= Ce‘<-«+W«4Dg<(-«-S)« 

(_ia+Y)Ae<'“-'>"f (-fa-y) Bc<‘‘+>>» = t(-oi+p)Ce«~«+«* 

and can be satisfied only if the quantities ^ and y, which according to equation 
(6) are directly related to the energy value W, satisfy the relation 

sinh y6 sin pa + cosh y5 cos pa = cos a (o h). 

2pY 

Passing now to the limit where 6 = 0 and Vj = oo in such a way that y<6 
stays finite and calling 

lim = P, 

&-*.o 2 

CD 
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this relation becomes 

P sin po/pa + cos Po = cos ota, (6) 

a transcendental equation for po. 

To discuss the roots of this equation we have plotted its left-hand side as a 
function of pa in fig. 2, assuming for P the value 37t/2. The values of po 



satisfying equation (6) are obtained as the projections on the pa-axis of the 
intersections of the curve with a straight line drawn at the distance coscca 
parallel to this axis. Since cosaa lies between —1 and -f-1, and since the 
ordinates of the maxima of the curve have an absolute magnitude greater 
than 1, then, upon varying a by giving k different values, the curve is found 
to consist of the portions between the parallels ±1 on which there lie inter¬ 
sections and the remaining portions outside these parallels on which there lie 
no intersections. By projection the pa-axis too is divided into portions 
containing permissible values of pa (drawn heavily in fig. 2) and portions not 
containing such values. Letting L approach infinity allows us according to 
equation (2) to vary a continuously, and the permissible values of po will 
then fill the heavily drawn portions of the pa-axis continuously. The energy 
values which an electron moving through the lattice may have, hence farm a spectrum 
consisting of tmitinuom pieces separated by finite intervals. 

It is of interest to study the influence of P upon this spectrum. If P van» 
ishcs, the curve of fig. 2 goes over into cos pa, the forbidden intervals of the 
Pa-axis disappear, and we have one continuous spectriun of all energy values 
from 0 to X. This is the limiting case of free electrons. Increasing P we 
obtam the forbidden intervals, the ratio of the length of these intervals to 
that of the adjoining allowed portions decreasing as we pass to large values 
of po. We may say that fast electrons have less trouble to pass the potential 
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barriers than slow electrons and can be considered more nearly as free. Letting 
P approach infinity reduces the allowed portions of the ^a-axis to the points 
TiTT (n = ± 1, ±2, ...). The energy spectrum now becomes discrete, the 
energy values 

W = wW/8ma*, [n — 1, 2, ...) 


being those of an electron confined to move between two impenetrable potential 
barriers at a distance a apart. The electrons are caught between the potential 
walls, they have become bound. 

Fig. 3 shows the change in the energy spectrum during the transition from 
the case of free to tliat of bound electrons. 

In the region 0 ^ P g 47r, P/47r has been 
chosen as abscissa, while for 47r ^ P ^ oc 47r/P 
is used. The shaded area represents the 
allowed values of (fja/7c)*, 

2. The Wave-fnnctiom ,—We come now to 
consider the wave-functions of our problem. 

Since b in the limit is reduced to zero, we are 
only concerned with the solution (4). Solving 
the linear equations for the constants A, B, C, 

D in this limiting case gives us 


-C 


1 




( 7 ) 


u is given by equation (4) in tbe ceU extending 
from 0 to a, while in the cell extending from 
m to (f + 1) a it will be given by 

being periodic with the period a. According to 
equation (2) in this cell will then be given by 

with C and D related by equation (7). If we require that i}/ be normalised 
over a distance equal to its period L, we must have 

1 



CC* 


J. 

2L 


■ 008 (a o 
■ cos aa cos ^ -f - (cos oa — cos po)* 


( 9 ) 


the asteruk denoting the conjugate. 



504 


R. de L. Kronig and W. G, Penney. 

From equation (6) it appt»ars that if with a given permissible value of a 
certain value of oui satisfies this equation, then also aa + 2ntc and — ota 4- 2nrc 
(n an integer) will satisfy it. We see, however, from equations (7) and (8) 
that by substituting cua -| 2n7r for aa we do not obtain any new wave-functions, 
while substituting — aa + 2mt for ota we get the same wave-function as that 
belonging to — ^a, — aa. We may hence, without loss of generality, accept 
the convention that if nrc ^ ^ (n -I- 1) tt, we shall associate with it that 
value of m for which rin g aa g (w + l)?^. In this way there is associated 
with every permissible value of one and only one value of aa, and we may 
use a to distinguish the stationary states. 

We shall next investigate the influence of the value of P on the wave- 
fimctions. If we make P vanishingly small, then according to the convention 
just introduced ^a will equal oca, and according to equatioii (7) D will vanish 
excepting for aa = wtt, in which case D = 4: The wave-functions accord¬ 

ing to equation (8) will go over into excepting for the special case just 
mentioned, in which they become equal to sin otx and cos ax so that we obtain 
the wave-fuiwiiom of free ehctronu. At the same time the significance of a 
becomes apparent. For P approaching infinity, |3 takes the values wtt, D — C 
according to equation (7), and we get from equation (8) the loavefunctiom of 
electrons confined in their motion between impenetrable potential wails at a distance 
a apart. 

If we let L increase, the energy values, as mentioned before, come closer 
together, and for very large values of L we may enquire after the densily 
distrUyaiion of (he energy values in the allowed regions of According to 
equation (2) this is evidently given by 


P (N ^ 


27r dji 


L 


sin aa \{paf 


P P 

~ aZ ^ + sin po) 


with p (Pa) so normalised that 


f (S«) max. T 

p(NdP« = |. 

(ajS) m\n. 2 

the integration extending over any one of the allowed regions of Fig. 4 
shows p {pa)/L in the first of these for a value P =: 37 t/ 2 , while for free electrons 
(P = 0) one obtains instead a horizontal line with an ordinate l/ 27 ir for all 
values of pa. The binding has thus the effect of concentrating the stationary 
states at the limits of an allowed region. 
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3. The Litiear MometUum, —According to quantum mechanics the matrix 
elements of the linear momentum of an electron belonging to two stationary 
states a and cl are given by 

p (*.«') = 

2m J cx 

the integration extending over one pmod L of the functions (j;. and 
Introducing for ij;. and «(;.< their expressions given by equations (7), (8), (9) 
and performing the integration it is found that p («, a') vanishes unless 
cut and ac'a differ by an integral multiple of 27 c. Thus if the state a lies in the 
first allowed region of the positive pa-axis, then p (a, a') is different from zero 
for only one state a' in the first, one in the third, one in the fifth positive allowed 
region, etc., and one in the second, one in the fourth, one in the sixth negative 
allowed region, etc., viz., those states for which x'a = out 2nit. A simple 
calculation gives us for the square of the absolute value of these non-vanishing 
matrix elements: 



(iO) 
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To make the siguificanoe of equation (10) clearer we have computed from it 
in the first place Ttap (a, a)/A and plotted it in fig. 5 as a function of for the 



values of lying in the first, second and third allowed regions of the positive 
^o-axis, taking again P equal to 37r/2. p (a, a) represents the time average of 
the Unear momentum of an electron in the stationary state a. As one easily sees 


p (— a, ~ - p (a, a). 


Since the energy of the stationary states a and —a is the same, one may enquire 
if to a linear combination of the wave-functions and there might 
correspond a linear momentum of greater absolute value, but from a simple 
calculation one finds that p lies then between p ( — *, — a) and p (a,«). The 
straight line going through the origin in fig. 6 gives us nap (a, «)/A (or the case 
of free electrons, showing that the potential barriers have the effect of reducing 
the linear momentum for a given value of the energy. Indeed they make it 
vanish when P approaches infinity, p (a, a) also furnishes us the electric 
current associated with the stationary state a, whose time average is obtained 
by multiplying p (a, «) by e/m, the ratio of the charge of the electron to its 
mass. 

Furthermore we have plotted in fig. 6 the values of lAiflp («, a') p (a', a)/** as 
a function of ^ when a is a state in the first allowed region while «' is that state 
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in the second negative^ third positive and fourth negative allowed region (curves 
1, 2 and 3 respectively) for which the above quantity is different from zero. 
Again P has been taken equal to 37 t/ 2. For vanishing P all the curves are 
reduced to zero. For infinite P the results agree with those for an electron 
confined to move between impenetrable walls a distance a apart. The quantities 



p(a,a') determine the probability of radiative transitions between the stationary 
states, and one sees from fig. 6 that the transitions to the second negative region 
far outweigh all others, 

4. Extension of the Theory ,—results just given can be generalised directly 
so as to apply to the case of a three-dimensional lattice in which the potential 
is the sum of three terms V (a;), V (y), V (z), each of which depends upon its 
co-ordinate in the same way as ¥(») on a? in the one dimensional case. 
This means that the space is divided by infinitely thin potential barriers 
into cubical cells with an edge o. The wave-equation can then be separated 
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into three equations of the form (1), each involving only a single co¬ 
ordinate, viz., 

^ + ^rWa-V(®)]4,,=0 ■ 

^ + ;cnw*-v(.v>H,=o [. (11) 

^^ + '^[Wa- V(2)]+a = 0 ^ 

the total energy of the system and its wave-function being given by 

W = Wi -f Wa + W„ (12) 

<!> — 4'i 'I'a '!'* (1-^) 

respectively. Each of these equations can be treated in exactly the same way 
as equation (1). The stationary states will now be characterised by three 
quantities p,, pj, related to Wj, Wj, W, through equations analogous to 
equation (5), or by the corresponding quantities a,, Xg. 

In the one-dimensional case we have seen that for P = 0 the energy W is a 
continuous function of aa, while for P 9 ^ 0 W has discontinuities for ao = mz 
(n ^ ±1, ±2, ...). Similarly we shall have here that for P = 0, W is a 
continuous function of a^a, ocga, agU, while for P 0 the function becomes 
discontinuous on the surfaces oqa = HiTt, «ga = »g7t, XgO == ngW («„ n,, n, = 
±1, ±2, ...). The detailed behaviour of the energy values as well as of the 
wave-functions when P is varied follows directly from equations (12) and (13) 
and the results of the previous sections. The same remark applies to the 
matrix elements of the linear momentum. It is interesting to note in this 
connection that p« (aq, a,, a,; a/, a,', a,') is different from zero only provided 
atj'a =: «iO + 2nrc, ag'o == agO, «g'a = agU (n integOT) with similar results 
holding for and p,. 

A number of general qualitative features encountered in the special problem 
discussed may be expected to occur also for other periodic fields of potential. 
The falling apart of the energy spectrum into continuous regions separated by 
finite intervals has been met with previously in the case of a potential given 
by V(a:) 5= A cos 2aaj, discussed by Strutt,* who also mentions that a similar 

* M. J. 0. Strutt, ‘ Ann. Physik,’ vol. 86, p. 319 (1928). Attention may be called 
here to the fact that the energy regions considered by him as aUowed are jost the ones 
excluded for tronslatory motion through the lattice, and vice vena. The energy spectra 
of the equations corresponding to the potential A cos iax and to a potential as shown in 
dg. 1 for the particular case a = 6 have also been discussed in connection with problems 
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effect arises for any one dimensional periodic field of potential according to 
theorems proved by Haupt.f The stationary states, just as in our problem, 
can be characterised by a value a, the coefficient of the exponent in the function 
which results from the wave-function when the potential field is reduced 
to zero. The energy W of the stationary states again has discontinuities at 
the points nn {n — ^1, j-2, In an analogous manner the surfaces 
a^a n^Tt, a^a ==== WjTc (%, Wj = ±1, ±2, ...) will be surfaces 

of discontinuity for the function W(aia,aj|a.,a 3 a) in the general three-dimensional 
case. 

Another result, valid for any periodic field of potential, is concerned with the 
matrix elements of the linear momentum p (oli, a^, a8 ; ocaOt* ^^7 

be shown that these can be different from zero only if a^'a ^ 
oL^'a — ajO + + 2n87T («i, integers). For the wave- 

functions in the two states a^, Xg, and a/, ag' according to Bloch (loc, 
cU.) are given by 

di — u («»*■+o,v + «»«) 

^0i|a|O(g ^ ) 

iL # . / = 'M / . 

T«j «« '' f 


where the u’s are periodic in a?, y, z with the period a. Introducing these 
functions in the expression for the matrix element of say, gives us 


P, («i, »», *8 ; «i'' «»'• «8') ^ 




27Ci J 0:r 


the second term in the bracket not contributing anything on account of the 
orthogonality of the two wave-functions. From the periodicity of the r//s 
it follows that we may write 


i.i(( 


flo (Wi^r f 

]L ’ 

- oo 


of claBsical physics by van der Pol and Strutt, Phil. Mag.,*' vol. 5, p. 18 (1928). The 
advantage of the potential fiehl cionsidered in our article as compared with the field A 
cos 2ax lies in the fact that only elementary functions ooc^ur, making the evaluation of 
the various matrix elements very cosy, 
t O. Haupt, * Math. Ann./ vol 79, p. 281 (1919). 

J Sec also Kronig, itoc. cit. 
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and introducing this in leads immediately to tie conclusion stated above. 
For two stationary states not separated by a surface of discontinuity of W 
the matrix element p hence always vanishes, 

5. Applicatiofis ,—A problem which we shall investigate here with the help 
of the one-dimensional model is the reflection of electrons of a given velocity 
falling from vacuum on to the lattice. The potential will then be as shown in 
fig. 7, for if our model is to represent an actual lattice, the potential of the 



bottom of the lattice must be assumed to lie below that outside by a certain 
amount V^. We enquire after a solution representing an incident and a reflected 
beam of electrons for negative values of x and a transmitted beam for positive 
values of x. For .x < 0 we shall have thus: 

^ :r=: (14) 

while for a: > 0 the solution is given by equation (8). and p are related by 

since the right and left-hand sides of this equation represent respectively the 
energies of the electron on the left and right of the point a; = 0, which must 
be equal. The requirement that the function and its first derivative shall be 
continuous for x == 0 gives us the values of A in equation (14) and of C in 
equation (8). 

AA* measures the intensity of the reflected beam, that of the incident beam 
being equal to 1, and is hence equal to the coefficient of reflection R, We find 
that 

(cos oca — cos pa)* -j- (sin oca — ^ sin pa)* 

R = -1- (16) 

(cos aa — cos Pa)* + (sin aa + ^ sin pa)* 

P 

in the allowed regions of pa, while R = 1 for the forbidden regions of Pa. The 
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quantity a in equation (15) is the one associated with ^ in the manner described 
in the earlier sections. In hg. 8 B is represented as a luncrion of the velocity 



of the incident beam measured in Vvolts, which is proportional to a 0 . For the 
binding constant P we have again taken 37 t/ 2 , while for Vj, and a we have 
assumed the values = 15 volts, a — 2*2.10“* cm. (suggested by the work 
of Rupp quoted below). The most essential feature of the diagram is, that 
regions of partial reflection alternate with regions of total reflection, and that 
these latter have a finite breadth, decreasing as the velocity of the particles 
gets greater. For very large values of the velocity total reflection takes place 
only when the lattice constant a is very nearly an integral multiple of the 
de Broglie wave-length of the incident particles, the regions of total reflection 
then beoommg quite narrow.* 

Measurements of the reflection and transmission of electrons in crjrstal 
lattices have been performed by various observers.t A quantitative compari¬ 
son of their results with those obtained here is made difficult by the following 
circumstances : ( 1 ) If we had made our calculation with the three-dimensional 

* Morse, * Pfays. Bov.,’ vol. 36, p. 1310 (1930) has invostigated the reflection and 
scattering of electrons by a ciystal in which the potential depends upon the three 
co-ordinates through terms of -the type A cos 2ax. Ho obtains for the reflection 
coefficient at perpendicular incidence a curve essentially of the same type as that shown 
in flg. 8, 

t l^visson and Qermer, ' Phys. Bev,,’ vol. 80, p. 705 (1927); ‘ Ptoo. Nat. Acad.,’ vol. 
14. pp. 317,618 (1928); Bupp, ‘ Ann. Phyaik,’ vol. 86, p. 981 (1928), voL 1. p. 801 (1929), 
voL 8. p. 497 (1929), and voL 6, p. 463 (1930 ); ' Z. Physik,' voL 61, p. 587 (1930); 
Xhomson, ‘ Proc. Boy. Soo.,’ A, vol. 117, p. 600 (1028), vol. 119, p. 661 (1928), and 
vol. 126, p. 382 (1929). 

VOL. OXXX.—A. 2 I, 
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lattioe, we would have obtained, besides the reflected and transmitted beams, 
diffracted beams which reduce the intensities of the former; (2) the periodic 
field of potential considered here differs from that actually present in a metal; 
(3) in the experiments it is found that some of the incident electrons suffer 
energy losses due to inelastic collisions with the electrons in the lattice, a 
phenomenon not provided for in our model. This effect also reduces the 
intensities of the reflected and transmitted beams. Nevertheless the principal 
features which appeared in our investigation, viz., the finite breadth of the 
reflection maxima, the decrease of this breadth with increasing velocity of 
the incident electrons and the decrease in the ordinates of the reflection minima, 
can be recognised in the experimental data (see in particular the work of Rupp). 

An explanation can be given here also of a phenomenon recently observed 
by Rupp.* He finds that when the velocity of the incident electrons is 
gradually increased, new radiations appear in the soft X-ray spectrum of the 
substance bombarded at about the same velocities at which the reflection 
coefficient has a maximum. This can be understood if it be remembered that 
when the velocity begins to exceed that corresponding to the upper limit of 
a forbidden interval in the energy spectrum of the crystal, the impinging 
electron can enter into a new region of allowed energy values, giving it new 
possibilities for radiative transitions. According to this view the excitation 
threshold should differ from the reflection maximum by an amount equal to 
half the top-breadth of the maximum (lying toward higher velocities), but 
since in Rupp’s measurements the maxima are already rather sharp the differ¬ 
ence is probably obliterated by effects such as the inhomogeneity in the 
velocities, the imperfections of the crystal, etc. Perhaps, also, the constant 
energy losses of electrons impinging upon incandescent metals as observed by 
Rudbergt may be interpreted as corresponding to the transfer of the conduction 
electrons to the higher allowed regions of energy. 

It is hoped to investigate later other physical properties of the model dis¬ 
cussed as they appear in the phenomena mentioned at the beginning of this 
article. 

Summary, 

1. It is shown that the wave-equatbn representing the motion of an electron 
in a periodic field of potential can be integrated in terms of elementary functions 
when the potential takes the form of a series of equidistant rectangular barriers. 

♦ * Naturwiss.,’ vol. 18, p. 880 (1930). 
t Rudberg, ‘ Proo. Roy. Soc.,* A, vol. 127, p. Ill (1930). 
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When the breadth b of these barriers is made infinitely small and their height Vq 
infinitely large, the results become particularly simple, the influence of the 
barriers depending then only on the product 6 V 0 . 

2. In the one dimensional problem for this limiting case the spectrum of 
permissible energy values is found to consist of continuous regions separated 
by finite intervals. By varying the quantity 6 V 0 from zero to infinity we pass 
from the case of free to that of bound electrons, and can thus study the changes 
in the allowed and forbidden ranges of the energy and in the wave-functions 
during this transition. 

3. An investigation of the matrix elements of the linear momentum shows 
that the electrons can pass through the lattice and that there exists for them 
the possibility of transition to other stationary states under emission or 
absorption of radiation, the electrons thus having at the same time the 
<;haracteristic properties of free and of bound electrons, 

4. An investigation of the reflection of electrons by a crystal represented by 
the field of potential considered leads to results in qualitative agreement with 
the experimental facts. An explanation of a phenomenon recently observed 
by Rupp is given, and the possible connection of the theory with measurements 
of Rudberg is pointed out. 


2 L 2 
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The Hardening of Metals by Relating Magnetic Fields. 

Edward G. Herbert, B.Sc., MJ.Meoli.E. 

(Communicated by W. Rosenhain, F.R.S.—Received November 27, 1930,) 

In a previous paper* by the author experiments were described in wluoh the 
hardness of various metals was increased by rotating them in a magnetic field. 

It had been observed that metals in a work-hardened condition, and in 
particular hard steel which had been super-hardened by the ‘‘ Cloudburst ” 
processf of bombardment with steel balls, exhibit a propensity to become still 
harder by a process of ageing, the spontaneous increase of hardness com¬ 
mencing with the termination of the work-hardening process, and continuing 
daring a period of several hours or days. 

It 'was assumed that this spontaneous hardening connoted some atomic 
re-arrangement of an unknown character, and it seemed possible that this re¬ 
arrangement might be assisted, in a magnetic metal, by applying an artificial 
atomic disturbance, such as might be caused by a magnetic polarity of changing 
direction. 

Experiments proved this supposition to be correct. The work-hardened 
steel was placed across the poles of an electro-magnet and slowly rotated 50 times 
in one direction and then 50 times in the reverse direction. The result of this 
magnetic treatment was found to be a distinct increase of hardness. 

The electro-magnet used in these original experiments and in those to be 
described was one which had formed part of an Einthoven string galvanometer. 
The weight of the magnet is 30 lbs. The gap between the cast-iron pole pieces 
is one-eighth inch wide. The magnetic flux in a steel specimen placed in 
contact with the poles and bridging the gap between them is 16,700 gauss. 
The strength of the open field in the same situation is 1,440 gauss. 

The increase of hardness produced by this magnetic treatment having been 
associated, subjectively, with the spontaneous hardening which had taken 
place in the work-hardened metal, the question now arose whether there were 
cases among metals, apart from those which had been work-hardened, where 
a propensity towards increased hardness or spontaneous hardening by Ageing 
occurred, and whether in these oases also the propensity towards increased 

* ‘ Iron & Steel Inst,,’ vol. 120, No. 2 (1929). 
t ‘ Iron & Steel Inst.,* vol 118, No. 11 (1927). 
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hardness could be assisted and intensified by the application of a rotating 
magnetic field. 

It was known that in freshly quenched tool steel certain changes take place, 
accompanied by the evolution of heat over a considerable period of time, and 
experiments showed that thwe was abo a spontaneous increase of hardness 
during several hours after quenching. This fact having been established, 
specimens of tool steel which had been quenched and suitably aged were 
subjected to the action of the rotating mt^etic field, with the result that the 
hardness was decreased, but almost immediately thereafter an increase of 
hardness commenced and continued during a period of 3 to 4 hours. 

The whole of the effects referred to above are seen in fig. 1, which shows the 
variations of hardness with time after quenching, magnetic treatment, super- 
hardening, and repeated magnetic treatment in a high-speed steel containing 
0'7 per cent, carbon, 4 per cent, chromium, 1*0 per cent, vanadium, 18 per 
cent, tungsten, 0*2 per cent, silicon and 0*2 per cent, manganese, and in a 
specimen of silver steel” believed to contain 0*8 per cent, carbon and a 
small percentage of tungsten. 

The hardness measuremeats in the whole of these researches were made 
originally with the Herbert pendulum hardness tester. This instrument 
consists of a very short compound pendulum of 4 kg. weight, capable of being 
balanced on a spherical diamond of 1 mm. diameter. The natural period of 
oscillation of the pendulum is a measure of the hardness of any material on 
which it rests, the diamond sphere being the pivot. The time hardness 
number ” is the number of seconds (taken with a stop watch) occupied by 10 
single swings of the pendulum. This number is known to be related in a simple 
manner to other hardness scales, such as the Brinell, and for the convenience 
of those not familiar with the time hardness scale it has been converted into 
approximately equivalent Brinell numbers, the conversion factor in the case 
of hard steel being 13*6. In the coses of the softer metals, duralumin and 
brass, referred to later, the original researches conducted with the pendulum 
were repeated with the Brinell test (6 mm. ball, 126 kg. load, 30 seconds 
application). The Brinell test gave results entirely s imil a r to those previously 
obtained with the pendulum, and the actual Brinell readings are given in 
figs. 5, 6 and 7. 

Referring to fig. 1, the specimen of high-speed steel was quenched iu oil 
from 1300® C. Hardness measurements were made immediately after quench¬ 
ing and thereafter at half-hourly intervals, and stability was attained after the 
lapse of 2 hours. Magnetic treatment was then applied, consisting of 100 slow 
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revolutiom in the magnetic field at 100° C. Previona experiment had ahown 
that the magnetic treatment of hard steel is more effective at 100° C. than at 



Fig. 1.— Silver Steel and High Speed Steel, Quenched, Aged, Low Frequency Magnetic 
Treatment, Aged, Superhsrdened by Cloudbnmt. Aged, Low Frequency Treatment 
(second time), and Age<i. 


room temperature. In treating hard steels a light aluminium vessel was fixed 
across the magnet poles, and this was filled with water kept at boiling point 
bf a gas burner, the specimen being rotated in the magnetic field (of 14,000 
gauss) at the bottom of the water bath. 

The result of the magnetic treatment was an immediate decrease of hardness 
followed by an increase, stability being attained after 3 hours. 

The specimen was then treated by the Cloudburst process of bombardment 
with 3 nun. hard steel balls falling at the rate of 500,000 per minute from 
heights which were increased by stages from 2 metres to 4 metres. The result 
of the Cloudburst super-hardening treatment was an immediate increase of 
hardness and a much more considerable spontaneous hardening during the 
2| hours following the treatment. (It was this age hardening after Cloud¬ 
burst treatment which first suggested the magnetic hardening process.) 

The specimen was then subjected to a second magnetic treatment exactly 
as before, which again resulted in a decrease and a snbsequeat increase of 
hardness. 
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A precisely sioular sequence of bardening operations was applied to tibe nlvw 
steel specimen (fig. 1) and resulted in similar ohanges of hardness. The total 
increase of hardness from the moment of quenching was in the high-speed 
steel from 700 to 1000 Brinell, and in the dUver steel from 716 to 1080 Brinell. 



Fio. 2.—High Speed Steel, Effect of Reposted M&gnotio Treatment and Agoing. 

The efiect of repeated magnetic treatment of the same specimen has been 
the subject of much investigation. The changes of hardness are of a highly 
complicated character as shown in fig. 2. The specimen used in these experi¬ 
ments was of high-speed steel containing 18 per cent, tungsten. It was out 
from a saw blade which had been hardened many months previously by the 
usual primary and secondary heat treatments at 130O® and 676“ C. respectively, 
and it was assumed to have become stable. The magnetic treatment consisted 
of a single slow turn in the magnetic field at 100“ C., experiment having shown 
that the effect of a single turn was almost identical in character and degree 
with that produced by a greater number of turns. The first turn produced an 
immediate fall of hardness followed by a slight further fall during half an hour 
and a very pronounced rise during 3 hours. The second turn caused a great 
fall in hardness followed by a rise to a second and lower maximum , and this 
sequence of changes was repeated, but with diminishing amplitude, until, 
after the seventh treatment, there was only a slight decrease of hardness and 
no subsequent increase. 

Fig. 3 shows a similar series of changes resulting from seven sttocessive 
applications with ageing intervening. The specimen was of steel containing 
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0*76 carbon, 0*69 manganese, 0*16 silicon, and it was quenched and aged as 
shown prior to the magnetic treatment. The amplitude of the hardness varia¬ 
tions here decreases as before, but a new feature appears in the decrease of 
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Fia. 3.-~Steel (0*76 C., 0-69 Mn, 0*16 Si); Quenched 780® C., Aged, one turn in Magnetic 
Field at 100® C. repeated seven times. 

hardness following the attainment of each maximum, and the general change 
of hardness is an increasing one. 

Big. 4 shows the result of similar treatment applied to a safety razor blade. 
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;Pjo. i.-—Safety Razor Blade. One turn in Magnetic Field at 100® C., repeated eight 
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The resulte are generally sitxular, but in the fifth and subsequent oydes there ia 
a curious reversal of the sequence of hardness variations, the previous fall- 
rise-fall being changed to rise-fall-rise. Significance is attached to this 
phenomenon because it has been found to recur in other specimens. 

Application to Non-ferrous Metals. 

The process of age hardening is not confined to ferromagnetic metals, indeed 
the most notable instance of this process occurs in the non-magnetio* alloy 
duralumin. Extensive investigations have been made in the application of 
magnetic treatments to this metal, and as it was at first thought improbable 
that any effect could be produced in a non-magnetic metal by slowly rotating 
it in a magnetic field, the first experiments were made (on duralumin freshly 
quenched from 500® C.) with the high frequency induction furnace, the speci¬ 
men being immersed in cold water to obviate heating effects. These experi¬ 
ments were followed by others in which the specimen was whirled in the field 
of the electromagnet by means of an electric motor at speeds from 2000 to 
20,000 r.p.m. In every case a notable effect was produced, the general result 
being a retardation in the initial rate of age hardening followed by an accelera¬ 
tion. Latter experiments showed that neither the high frequency field nor 
the high speed of rotation was necessary, an equally marked effect being pro¬ 
duced by slowly rotating the specimen, at room temperature, across the poles 
of the magnet, or, alternatively, by inserting the specimen for a few seconds 
between the poles of the magnet, removing it, and reinserting it in a reversed 
position, the operation being repeated 20 times. 

The effect of the last-named procedure is shown in fig. 6. The experiment 
was first tried on a specimen of duralumin which had been quenched and aged, 
with the result shown at A. The sequence of hardness changes was a fall- 
rise-fall, as in the case of the hard carbon steels. When this treatment was 
applied to a freshly quenched specimen the result, compared with the normal 
age hardening shown in the dotted curve, was a retardation, a great accelera¬ 
tion (the hardness attained in 12 hours being about equal to that normally 
attained in 34 hours) and finally a slight fall. The same magnetic treatment 
applied to this specimen for the second time reproduced the sequence of 
changes shown at A. 

These results suggest that the magnetic effects have been merely super¬ 
imposed on the normal age hardening process, and may be entirely different 

• Later investigation has shown that the specimens of duralumin used in these 
eacpeiiments are diamagnetic. The brass specimens are paramagnetic. 
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Fig. 5.~Duraluinin. Quenched JM)0° C., Reversed 20 times between Magnetic Poles. 

in character. A softening added to a hardening might be expected to result 
in a retardation, while a hardening added to a hardening would result in an 
accelerated hardening. 

A further example of magnetic treatment applied to freshly quenched 
duralumin is seen in fig. 6. In this case there was an actual softening, extend¬ 
ing over the first 4 hours and followed by accelerated hardening. The treat¬ 
ment, 10 slow timis at room temperature, was applied six times, and in the 
fourth, fifth and sixth cycles a reversal in the sequence of hardness changes, 
similar to that which occurred in the razor blade, is seen to have taken place. 

Fig. 7 shows the result of appl3dng two different kinds of magnetic trestaneat 
to brass. The lower curve refers to cold rolled sheet brass, which was whirled 
for 5 minutes at 2000 r.p.m. in the magnetic field. The resulting sequence of 
hardness changes is the same as that found in hard steel and in dutalumin, 
faU-rise-fall, but the cycle of changes was slower, requiring 10| hours for its 
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Fio. 6.—Duralumin. Qu^nohed 600® C., 10 slow turns in Magnetic Field repeated six 

times. 



Fia. 7 a.—R od Brass. Ten slow turns in Magnetic Field repeated four times. 
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completion. In the upper curve %. 7 are shown the results of slowly rotating 
a specimen of brass (a disc cut from a bar of commercial rod brass and quenched 
at 600"^ C.) across the magnet poles at room temperature. The sequence of 
changes and their duration are similar to those in the whirled sheet brass, 
and a reversal in the sequence of changes occurs after the second application, 
corresponding to the reversals in hard steel, fig. 4, and in duralumin, fig. 6. 

The hardness changes here described are believed to indicate a re-arrange¬ 
ment of atoms in the space lattice or a change in the atoms themselves, but no 
explanation can be given and none will be attempted at the present stage. 
Some general observations may however l)C of interest. 

The time element enters as an important factor into all the results produced 
by the rotating field, and it was the discovery of this fact, after a long period 
of rather fruitless research, which alone rendered possible the presentation of 
these results. The hardness changes are sometimes very rapid, and in hard 
steel freshly treated they may be observed from minute to minute. 

The hardness induced by magnetic treatment is known to persist for months, 
and there is no reason to believe that it is other than permanent, though no 
systematic investigation has yet been carried over long periods of time. 

Magnetic treatment has hitherto been applied to various high speed steels 
and high carbon steels in the hard state, to soft mild steel and soft high carbon 
steel, to duralumin, and to brass. In every case a series of hardness changes 
has resulted, the sequence of changes being similar in character. As no metal 
hitherto subjected to magnetic treatment has failed to react, the possibility 
must be contemplated that these phenomena are common to all metals. They 
may not be confined to metallic or even to inorganic substances. 

The temperature at which the magnetic treatment is applied has a marked 
effect on the resulting hardness changes. In the case of hard steel the treatment 
is less effective at room temperature than at 100® C., but the latter temperature 
was arbitrarily chosen, and further experiments may show a higher or a lower 
temperature to be more effective. 

In the case of soft steel the magnetic treatment has proved most effective 
when applied to the cold specimen. An increase of hardness such as would 
indicate an increase of 20 per cent, in the tensile strength has been induced 
in soft steel by a single rotation at room temperature, the maximum hardness 
being attained only after the lapse of 8 hours. The effect of temperature has 
not yet been investigated in the case of non-magnetic metals. 

The practical applications of the magnetic treatment to hard tool steels 
are obvious. In fig. 2 it will be observed that an equivalent increase of hard- 
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neas from 726 to 820 Briuell was itiduoed in high speed steel by a single turn 
in the magnetic field, occupying about 1 minute and applied at a temperature 
of only 100° C. Such treatment could be given to finished tools of the simplest 
or the most complicated character, drills, saw blades, milling cutters, dies, or 
to other articles of steel in which a high degree of hardness is beneficial. The 
effect of the magnetic treatment on the hot hardness and on the actual cutting 
eflficiency of tools is under investigation. The results obtained on unhardened 
steels as iised in mechanic^ construction are encouraging and will be further 
investigated. 

In the non-magnetic metals the hardness changes hitherto produced have 
been relatively slight. The theoretical importance of these phenomena is 
believed to be great, but much further investigation will be required to ascer¬ 
tain the nature and extent and possible utility of the changes in the physical 
and mechanical properties of non-magnetic metals, of which the hardness 
changes are an indication. 

The author acknowledges his indebtedness to Dr. Walter Rosenhain for his 
kindly interest and advice in connection with these investigations, to Prof. 
F. C. Thompson for permission to use the high frequency induction apparatus 
at the Manchester University, and to Dr. Hugh O'Neill for valued advice and 
assistance in connection with the experiments. 
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The Scattering of Hard Gamma Rays.—Part II. 

By L. H. Gray, B.A., Fellow of Trinity College, Cambridge. 

(Communicated by Sir Ernest Rutherford, F.R.S.—^Received December 9, 1930.) 

§ 1. Introdudim. 

Three papers* have recently appeared describing investigations of the 
absorption of the very hard y-rays from thorium C" in a number of elements, 
and in each case the conclusion was drawn that the results indicate that these 
very high energy quanta are capable of interacting with certain atomic nuclei. 
The three sets of experimental results do not agree in detail, but in each case 
the trend of the variation of absorption coefficient with atomic number is 
very different from the Z® law characteristic of photoelectric absorption. 
Moreover, the difference between the absorption coefficients per electron in 
heavy and light elements, which has hitherto been attributed to photoelectric 
absorption, is nearly as great for the hard thorium C" y-rays (Av = 2-65.10* 
s-volts) as for the much softer radium C y-rays 1*8.10* *-volts), in 

marked contrast with the rapid variation with wave-length observed in the 
softer y-ray region of the spectrum. 

Very little is at present known concerning the magnitude of the photo¬ 
electric effect in the y-ray region, and since absorption coefficients measured 
in the usual manner are the sum of two terms referring respectively to scattering 
and to photoelectric absorption, it is essential for the further elucidation of 
the problem to study the actual scattered radiation. 

A preliminary investigation by the anthorf has already been described. 
When these experiments were undertaken it appeared that the absorption 
coefficient of the hard thorium C" y-ra 3 rB varied irregularly from element to 
element in the periodic system, being sometimes approximately equal to the 
theoretical Klein-Nishina value, and sometimes as much as 12 per cent, greater 
in a neighbouring element. A careful comparison using radium C y-rays 
filtered through 4 cm. of lead revealed no difference as great as 0*5 per cent, 
in the energy scattered in the forward direction between 16° and 90° by sulphur 
and aluminium, which appeared to be respectively normal and abnormal 

* Tarrant, ‘ Proc. Boy; Soc.,’ A, vol. 128, p. 346 (1930); Meitner and Hupfeld, ‘ Matur- 
wiM.,' vol, 22, p, 634 (1980); ‘ Phye. Z..’ voL 31, p. 047 (1930); Chao, ‘ Proo, Nat. Acad. 
Soi.,’ vol. 16, p. 431 (1030). 

t ‘ Proo. Roy. Soc.,’ A, vol. 128, p. 861 (1630). 
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dements. Technical difficulties prevented the use of thorium (j* y-rays and 
the extension of the comparison to heavy elements. A more complete investi¬ 
gation has now been made of the scattering power of seven elements ranging 
in atomic number from magnesimn to lead, using radium C y-rays filtered 
through 4 cm. of lead, and thorium C" y-rays filtered through 3 cm. of lead. 

It is always assumed that the scattering power of an atom is proportional 
to the number of the extranuclear electrons. A departure from this rule 
might arise in two ways 

(1) Because the binding forces were not without influence on the scattering 

power of electrons in heavy atoms. 

(2) Through the interaction of y-radiation with the nucleus. 

While we may not in general be able to investigate these two possibilities 
independently, we may by a suitable disposition of apparatus, make the experi¬ 
ment specially sensitive to one or other type of abnormality. For, on theoretical 
grounds, it is unlikely that the nucleus or any of its components will give rise 
to ordinary Compton scattering. It is much more likely that any interaction 
with radiation should be of the nature of a resonance phenomenon, analogous 
to optical fluorescence, involving transitions of positive particles between 
different energy levels, and resulting in the subsequent emission of y-radiation 
of the same hardness as that of the incident radiation. Compton scattering, 
on the other hand, leads to a secondary emission predominantly in a forward 
direction. The fluorescent radiation may be distinguished from the small 
amount of radiation scattered in the backward direction on account of its 
much greater hardness. 

From the account given previously {he, dL) of the earlier investigations, it 
will be evident that no accurate data are available for the scattering of hard 
y-rays by heavy elements. It seemed desirable, therefore, first to test the 
validity of the Klein-Nishina formuke for heavy elements, by comparing the 
intensity of the radiation scattered in the forward direction by heavy and 
light elements. This was made possible by the use of an ionisation chamber 
containing oxygen at 80 atmospheres pressure. The elements compared were 
magnesium, alumimum, copper, zinc, cadmium, tin and lead, using radium 
C y-rays filtered through 4 cm. of lead, and thorium C" y-rays filtered through 
3 cm. of lead, the latter constituting a practically homogeneous beam of 
quantum energy, 2-65.10* e-volts. Nearly half the total energy scattered 
by the extranuclear electrons falls within the angular range examined, viz., 
10® to 30®, whereas only 6 per cent, of an isotropic radiation would have been 
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m«asured. The measuremeats, therefore, were specially sensitive to diffarenoes 
in the extent of the scattering by the extranuclear electronic system. No 
variations in the scattering power of different elements have been found— 
either irregular or systematic—beyond such as might be attributed to experi¬ 
mental error, which was of the order of 1 per cent. We may therefore conclude 
that the binding forces are without sensible influence on the scattering power 
of the extranuclear electrons. 

In spite of the insensitiveness of the investigation to isotropic radiation we 
may conclude further that not more than a third of the difference between the 
directly measured absorption coefficients of the thorium C" y-roys in lead and 
water can be due to fluorescence of the type considered. This aspect of the 
investigation will be considered more fuUy in § 9. Experiments are now in 
progress designed specifically to reveal any evidence for the emission of a 
secondary radiation such as may result from nuclear interaction. 

The Scattebino of Hard Thortom C" Gamma Rays. 

§ 2. The Radioactive Source. 

Apart from the very weak y-rays of potassium the hardest known y-rays 
are emitted by thorium C". The natural p-tay spectrum of this body was 
studied by Black, who deduced that the y-ray spectrum consisted of a single 
strong line of quantum energy, 2*65.10^ e-volts, and three weaker lines at 
about half a million volts. It has been estimated by Bastings'" that 80 per 
cent, of the total energy emission is contained in the hard line, but it is almost 
certain that this figure is too high, for after filtering through 3 cm. of lead, the 
proportion of softer radiation remaining in the beam would be inappreciable, 
whereas (}hao,| using a steel electroscope, observes an 8 per cent, decrease in 
the absorption coefficient in lead on increasing the filter thickness from 8 
to 7 cm. On the basis of these figures it would appear that after filtering 
through S cm. of lead 7 per cent, of the energy of the beam consistod of the 
softer radiations. From the standpoint of the present investigation this 
small admixture of softer radiation would be quite unimportant were it not 
for the fact that it complicates somewhat the corrections which have to be 
made for reabsorption. Nevertheless thorium C" provides the closest practical 
approach to a homogeneous source of hard y-radiation. 

The source used in this investigation consisted of thorium C", equivalent in 

* ‘ Phil. Mag.,’ vol. 5, p. 786 (1028). 
t * Proo, Nat. Acad. Soi.,’ vtd. 16, p. 431 (1030). 
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activity to about 10 mgm. of radium, in equilibrium with xadiothorium. The 
y-rays from thorium B were thus present in the primary beam, but being softer 
than the soft components from thorium O'' would be completely removed l)y 
the filter. Remembering that 160 milUcuries of radon were usexi in the alumin¬ 
ium sulphur comparison (/oc. it will at once be evident that the experiment 
involves the measurement of extremely weak radiations. The difficulties 
were further increased by the fact that the investigation was to extend to 
heavy as well as light elements. For this purpose, in order that the corrections 
may be satisfactorily applied, it is necessary to examine only the radiation 
scattered through a comparatively narrow angular range. The range 10*^ 
to 30° was employed in these experiments ; it will be seen from fig. 3 that this 
range includes the peak of tlie angular distribution curve, and at the same time 
does not include any scattered radiation of wave-length greater than 9 X.U. 
In fulfilling these theoretical desiderata, however, the ionisation current due 
to the scattered radiation has been reduced to about 1 ion per cubic centimetre 
per second—in fact, of the same order as that due to “ penetrating radiation.” 

§ 3. The lotmaiion Meamrementa, 

The accurate measurement of these very weak radiations was made possible 
by the use of a steel ionisation chamber containing oxygen at 85 atmospheres 
pressure. The advantages of the increase of pressure are twofold. In the 
first place, the magnitude of the ionisation current produced in a vessel of a 
litre capacity by the radiation under investigation is increased to about 10* ions 
per second, thus becoming easily measurable by the Townsend balance method, 
using a Compton electrometer at a sensitivity of about 2500 divisions per volt. 
Secondly, owing to the increased effective range in the gas, that part of the 
natural activity due to p-particles is increased perhaps fiftyfold relative to 
that due to a-particles, resulting in a very great reduction in the fluctuations 
which formerly limited the accuracy of measurement. It seems probable 
that the use of very high pressure still further discriminates in a favourable 
manner between a-particle and jS-particle ionisation, by preventing the attain¬ 
ment of saturation in the former cose. By the standard procedure of measuring 
the ionisation current produced by two sources separately and together, it 
was found that a field of 40 volts per cm. sufficed to produce practical 
saturation. On the other hand, the difficulties ordinarily experienced in 
attaining saturation in the case of ionisation produced by a-particles in air 
at atmospheric pressure make it certain that the currents must be very far 
removed from saturation at 100 atmospheres, when the rate of recombination 

VOL. OXXX.—A. 2 K 
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has been increased by a factor of 10^. It would thus appear that the high 
pressure actually tends to suppress the a-particle ionisation. Indeed, it seems 
necessary to make such an assumption in order to explain the small natural 
activity observed; izi these experiments in approximate agreement with the 
measurements of Broxon,* the natural activity at 80 atmospheres pressure 
was 68 ions per cubic centimetre per second (at that pressure), only about 
three times that of the brass ionisation chamber used previously at atmospheric 
presBure.f 

The ionisation chamber is shown diagrammatically to scale in fig. 2. The 
cylindrical walls were turned from steel tubing, and were 0*8 cm. thick. The 
top and base, which were made from steel blanks 2*5 cm. thick, rested on 
collars on the inner cylinder, and wore pulled down on to the outer cylinder by 
12 steel bolts. The choice of a suitable packing, and the insulation of the 
electrodes presented certain difficulties. It was found eventually^ tliat red 
fibre packing smeared with gold size was entirely satisfactory. No decrease 
in pressure was detected while the chamber was in use, though as much as 
1 per cent, in a week would certainly have been noticed. 

The electrode system is shown in detail in fig. 1. 



A cylinder of steel gauze, about 5 mm. mesh, was supported by two brass 
electrodes, only one of which emerged through the top of the chamber. The 

♦ ‘ Phys. Bev.,’ vol. 27, p. 542 (1926). 

t It ifi a pleastxro to acknowledge my iudebtodneBs to Mr. T. E. Harris, of Denver, 
Norfolk, for constructing the ionisation chamber in his private workshop. 

% I wish to acknowledge the assistance of Mr* O, T. P. Tarrant, who ooUaborated with 
me in overoamn^f these teohnioal diffiouJties. 
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electrode B, which merely served to support the gauze cylinder, was insulated 
in the usual manner. It was cemented by red sealing-wax into a short length 
of quartz tubing, which had been previously cleaned and “fired/’ The quartz 
was cemented inside a brass tube, connected by a third electrode (not shown in 
the figure) to earth. This brass tube was insulated from the steel case by a 
thin piece of ebonite tubing. The insulation of the electrode A, however, 
presented difficulties because red sealing-wax had to be abandoned. The power 
of red sealing-wax to make hermetically tight joints resides in its glazed 
surface, which always cracked under the great pressures employed, A white 
wax much used in vacuum technique was found quite satisfactory, both in 
maintaining the pressure and in its insulating properties. As shown in the 
figure, the electrode A was set in a conical brass tube, which served as a guard 
ring, being insulated from the steel top by a conical ebonite tube. It was foimd 
essential to grind the various components to the same taper before cementing 
them together with wliite wax. The third electrode connected to the guard 
ring of B was constructed on the same plan, but being at earth potential needed 
no guard ring. 



2 M 2 
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The disposition of the ionisation chamber with respect to the canalising 
system and the scatterer is shown in fig. 2. It differs in certain important 
respects from that previously used. On account of the greater penetrating 
power of the thorium C" y-reiyH, the length of the canalising system was 
increased to 33 cm. The base of the ionisation chamber was raised above the 
scatterer, which rested on the top of the canalising system, so that only 
radiation scattered between 10^^ and 30"^ was measured. In consequence of 
these changes it was necessary to reduce the solid angle of the y-ray beam, and 
in order to prevent direct rays reaching the chamber by cutting diagonally 
across the top of the canalising system the central hole was made conical. This 
gives rise to a very sharply defined beam, as was evident from the image pro¬ 
duced on a photographic plate placed immediately above the chamber. 

As before, the apparatus was mounted on a light wooden stand, and was set 
up at least a metre from any other object. In this way it was secured that 
once scattered radiation from surrounding objects will consist of quanta 
deflected through at least 160^, and consequently having a wave-length of at 
least 46 X.U. It would therefore be almost completely absorbed in the 
lead sheath surrounding the chamber. There was, in fact, as the following 
table shows, a small amount of ionisation produced by this radiation. 

When there was no scatterer in the path of the main beam, the total ionisa¬ 
tion comprised the three contributions 

Natural activity of chamber . 68* 6 J 

Eadiation scattered from the walls of the canalising 

lead blocks . 27*4 J 

Eadiation scattered from the surrounding objefcts and 
the walls of the room .. 20 • 6 J 


Sum . 116*6 J 


The unit J is a rate of production of 1 ion per cubic centimetre per second 
at the pressure used in the experiment. 

§ 4. The Scatterers, 

Scatterers of the materials to be investigated, magnesium, aluminium, copper, 
zinc, cadmium, tin, and lead were constructed in the form of discs 6 cm. in 
diameter, and thickness inversely as the electron density. Care was exeroiBed 
to insure that the surfaces were plane, so that the relative number of electrons 
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per square ceutiraetro in each could afterwards be determined exactly by 
weighing, and measuring the diameter. Each scatterer was mounted in a thin 
brass disc, so that their centres should be at the same distance below the 
ionisation chamber, thus avoiding large corrections (6 per cent, per om.) 
for the difference in angular range of scattered radiation that would have been 
investigated. Small corrections were applied for the slight differences existing 
in the superficial electron density of the scatterers and the positions of their 
centres, as indicat<Hl in Tables III and IV. 

§ 5. Experimental Procedure. 

Besides making the measurement of each current a symmetrical operation 
it was further necessary to extend the symmetry so as to take account of long 
[Mjriod changes. For, as previously mentioned, the ionisation produced by 
the scattered radiation under investigation was of the same order as that 
produced by “ penetrating radiation.*' It appears that even at sea level this 
ionisation may vary by as much as 2 per cent, in 6 hours. Apart from these 
possible variations following sidereal time, there are certainly variations 
depending on local conditions, such as the barometric pressure, which cannot 
bo eliminated except by establishing correlation coefficients based on the 
statistical analysis of a great many measurements. 

On the assumption that the latter type of variation tends to consist of a 
uniform cliange throughout the day, its effects can be diminished by the 
symmetrical arrangement of the measurements. Three elements were examined 
each day, of which magnesiuiri was always one. They would be examined, e.g.. 
in the order, magnesium, aluminium, zinc, zinc, aluminium, magnesium. 
Magnesium was included in each day’s measurements so that any change in 
pressure of the gas in the chamber could be detected and eliminated. As the 
measurement shows no certain change with time, a simple mean was taken 
for each element. A second complete set of observations was taken. In 
order to minimise the influence of the first type of variation, following sidereal 
time (and therefore, during the period of the measurements, the same from 
day to day), the elements were examined in the same groups, but the order 
within the group was changed. This will be clear from Table I. The depar¬ 
ture from this system on July 14, 1930, was accidental. 

Certain subsidiary measurements which were required in order to apply 
the necessary corrections are recorded below (Table II). The source was 
temoved for the determination of the natural activity of the chamber. Measure¬ 
ments were made with the magnesium and lead scatterers in position to make 
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Table I. 


Time. 

Mag- 

nosium. 

Alumi¬ 

nium. 

Copper. 

Zinc. 

Cad- 

mium. 

Tin. 

Lead. 

July 9, 1930— 

10.32 . 

1-644 





1 


12,03 . 

— 

1-653 

— 

— 

( — 

— 

— 

1.32 . 

— 

— 

—, 

1-0.35 

! ^ 

— 

— 

3.02 . 

— 

— 


1-646 

— 


— 

4.20 . 

— 

1-654 

—, 

— 


— 

— 

6M . 

1-653 

— 

— 

— 

— 

— 

— 

July 10, 1930— 








10.15 . 

1-642 

— 

— 

— 

— 

— 

— 

11.40 . 

— 

— 

— 

— 

— 

1-627 

,— 

1.05 . 

— 

— 

— 



— 

1-608 

2 .;io . 

— 

— 

— 

— 

— 

— 

1-602 

3.54 . 

— 

— 

,— 

— 

— 

1-620 

—. 

5.17 . 

1-636 

— 

— 

— 

— 

— 

— 

July 11, 1930— 

10.18 . 

1-639 







12.08 . 

— 

— 

1-637 

— 

— 

— 

—. 

1.25 . 

— 

— 

— 

— 

1-627 

— 

— 

3.0 . 

— 

— 

— 

—. 

1-663* 

— 

— 

4.22 . 

— 

— 

1-630 

— 

— 


—. 

5.44 . 

1-640 

— 

— 

— 

— 

— 

— 

July 14, 1930— 

1 







10.02 . 

—, 

; 1-624 

— 

— 

—. 

-- 

— 

11.26 . 

1-646 

— 

— 


— 



12.61 . 

— 

1*634 

— ; 

— 

— 

— 

— 

2.44 . 

— 

1-635 

—, 

— 


— 

— 

4.08 . 

— 

— 1 

— 

1*632 


-- 

— 

6.10 . 

— 

1 

— 

1-629 

— 

— 

— 

July 16. 1080— 

j 

1 






10.05 . 



— 

— 

— 

1-622 

— 

11.30 . 

— 

— 

— 

— 


— 

1-667 

12,63 . 

1-636 

— 

— 

1 


— 

—, 

2.20 . 

1-644 

—. 

— 

— 

— 

—. 


3.50 . 

— 

— 

.— 

— 

— 

— 

1-580 

6.20 . 

— 

— 

— 

— 

— 

1-604 

— 

July 10, 1930— 

10.04 . 

1-628 



! 




11.34 . 

— 

— 

— 

— 

1-031 

— 

— 

1.0 . 

— 

— 

1-642 

— 

— 

— 

— 

2.23 . 

— 

— 

1-629 

— 


— 


3.46 . 

— 


— 

.—, 

1-628 


— 

5.09 . 

1-630 

— 

— 

— 

— 

— 

— 

Mean values . j 

1-639 

1-640 

1*634* 

1-635* 

1-629 

1-618 

1-589 


Probable error of each mean value =* 0-25 per cent, or 0-004.10® Iona per aeoond. 

This observation was discarded in taking the mean since it dfHered from the mean by more 
than eight times the probable error, but was taken into consideration in evaluating the probable 
error. 

The unit of ourrent adopted in the above table is 10® ions per second or roughly 100 ions pet 
cubic centimetre per second. 
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sure that no large change in the natural activity was caused by the presence 
of these scatterers, either by absorbing radiation coming from the lead canalising 
system in the former case, or by the possible activity of the scatterer in the 
latt<^r. No such difference was observed, but the accuracy of these naeasure- 
ments was considerably less than those of Table I. Had the latter hinted at 
any irregularity arising in the way suggested, a more accurate investigation 
would have been made. 

Table II. 


Natural activity— 


No flatterer ... . 0*691.10® ions per second. 

Magnesium 0*702 

Magnesium 0*631 

Lead .. . 0*703 

No scatterer 0*704 


Mean . . 0*686.10® 


Measurements made on July 12,1030, between the two sets of observations recorded in Table T, 
Source in position (undisturbed) 

No scatterer .. , 1*161.10® ions per second. 

M71 


Mean . 1*166. 10® 


Lead plu g Oiling conical hole to absorb canal radiation 0 * 894.10® ions second. 

0*890 


Mean . 0*892 . 10® 


Whence— 

Kadiatioa scattere<l from canal walls. 0*274 . 10® or 27*4 J 

Radiation scattered from walls of the room 0*20<i. 10® or 20*6 J 

Natural activity . 0*686 . 10® or 68*6 J 


§ 6. Corrections, 

The major corrections fall into three classes ; (1) correction for the absorption 
of the direct beam ; (2) for the partial reabsorption of the scattered radiation ; 
and (3) for the absorption of the radiation scattered from the walls of the canal. 
In applying these corrections the some procedure has been adopted as formerly 
in the aluminium sulphur comparison.* The absorption data used throughout 
are based on the Kleiu-Nishina sc>attering formulae arwl the empirical photo¬ 
electric law 

logic T == 3-6505 + 1-0 login ^ + ^-480 (logjo X)®. 

At 100 X.U. the law becomes identical with the X-ray photo-electric law, 
but it only accounts for part of the difference between Jhe absorption coefficients 


♦ Loc, rM, 
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of the thorium C" y-xsLys in heavy and light elements. It seems necessary to 
postulate the existence of an additional absorbing mechanism which is only 
operative in the case of very Imrd yrays. The assumption has been made 
(and is consistent with experiment) that the absorption curve exhibits a dis¬ 
continuity immediately on the long wave-length side of the thorium C" line. 

This law was chosen after a consideration of the available experimental 
data, and will be discussed in detail elsewhere. 



The intensity of radiation scattered between 6 and 0 + dG at various angles 
is shown in fig, 3. Curve I for the wave-length 4*7 X.U. This radiation is 
absorbed to varying degrees in passing (at large angle of incidence) through 
the inner steel wall of the ionisation chamber. The resultant ionisation at 
each angle is given by Curve II. The three coirections mentioned above have 
been estimated graphically for each element, using this curve as a basis. 

The corrections appropriate to scatterers having exactly the same superficial 
electron density (the aluminium scatterer was used as standard) are tabulated 
in the first three columns of Table III. The fourth column shows the sum of 
these corrections appropriate to the actual scatterers. The next two columns 
contain the corrections for the inequalities in the superficial electron densities 
of the scatterers, and in their positions relative to the chamber. Finally those 
corrections are added to the observed ionisation due to the scattered radiation 
taken from Tables I and 11 and expressed in the last column as a percentage of 
the scattering power of magnesium. 
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§ 7. The Probable Limits of Error. 

It is clear in the first place that, having regard to the probable error of the 
measurements, there is no certain evidence of any irregular variation of the 
electronic scattering power with atomic number. 

Taking into consideration the fact that^ owing to the greater number of 
measurements made, the probable error in the case of magnesium is only half 
that in the other elements, the figures in the last colimin undoubtedly show a 
general upward tendency, amounting to a difference of about 1 per cent, as 
between magnesium and lead. This difference cannot be attributed to ionisa¬ 
tion produced by fluorescent radiation from the lieavy elements. The relative 
probability of photoelectric absorption and scattering, the angular distribution 
of these radiations, absorption in the scatterer itself, and in the steel wall of the 
ionisation chamber, arc all factors favouring the measurement of the scattered 
radiation, which rough calculation indicates must be greater than the fluorescent 
radiation by at least the factor of 1500. 

It is possible that tlie progressive increase from magnesium to lead is 
attributable to a faulty estimation of the corrections. The uncertainty 
arising from these corrections is not as large as at first sight it might appear. 
Thus the fact that all the scatterers were of equivalent thickness at once 
limits the possibility of serious error to the differences between heavy and light 
elements—a difference estimated at 10 per cent. Moreover, part of this 
difference is due to the absorption of the main beam, for which the correction 
is based on the direct experimental observations of Chao. This reduces the 
difference with which w<i are concerned to 6*5 per cent., but nevertheless, 
considering the rather tentative nature of the photoelectric law that has been 
used, leaves ample room for the introduction of a 1 per cent, error. 

A Parallel Investtgation using STKONtav Filtered Radium C 

Gamma Rays. 

§ 8. Experimef^ial Procedure and Sesults. 

A parallel investigation, using radium C y-rays filtered through 4 cm. of lead 
was carried out in the manner described for thorium C'^ except that only one 
complete set of measurements was made. A very much stronger source 
(radon) was used, resulting in a tenfold increase in the ionisation currents. In 
consequence, the secular changes in natural activity were relatively unimportant. 
The experimental results and the corrections are presented in Table IV. The 
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currents recorded refer to the ionisation per cubic centimetre per second, after 
subtracting the natural activity and correcting for the decay of the source. 

These results, as well as those previously obtained for the scattering of 
the thorium C" y-raya are represented graphically in fig. 4. As in the former 
case, the mean departure of these points from the smooth curve is only a little 
greater than tlie probable statistical error of the measurements. At first 
sight there might appear to be some evidence of a correlation between the 
irregularities in the two sets of measurements, but in view of the assigned 
probable error the agreement must at present be regarded as fortuitous. 

There is again a progressive change from magnesium to lead. The possibility 
that it is due to the faulty application of the nei^essary corrections cannot be 
ruled out, even though the curves tend in opposite directions, since it was 
assumed that the photoelectric absorption changes more or less abruptly on 
the long wave-lengtb side of the thorium C'' line. The measurements never¬ 
theless make it reasonably certain that the scattering coefficient in lead does not 
differ from that in light elements by more than a few per cent. 

The two experiments together embrace about an octave—^from 4 • 7 to 10 X.U., 
and on account of the particular experimental disposition employed, the measure¬ 
ments were specially sensitive to differences in the extent of the scattering 
by the extranuclear electronic system. No variations have been found—either 
irregular or systematic—beyond such as might be attributed to experimental 
error, which was of the order of 1 per cent. 
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Fio, 4.—Relative Scattering Power, Atomio Number, 

Thorium C" Gamma Rays (3 cm. lead filter). 
Radium C Gamma Raya (4 cm. lead filter). 
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Thb Experimental Results Considered in Relation to the Possible 

Interaction op the Thorium C" Gamma Rays with the Nucleus, 

§9. Considered alone, these measurements provide no evidence of any 
interaction between hard y-rays and the nucleus. It is of interest, however, 
to view them from a different standpoint. What limits do they set to the 
extent of nuclear scattering, as considered theoretically by Beck,* and, 
in particular, how far is it possible to account for the difference in the absorption 
coefficients of the hard thorium C'' y-rays in light and heavy elements observe^d 
by Tarrant, Meitner and Hupfeld, and Chao, on the hypothesis of nuclear 
interaction leading to re-emission of quantum radiation ? 

This latter difference is roughly 80 per cent, of the true scattering coefficient. 
Clearly therefore it is not due, to any appreciable extent, to the absorption 
and re-emission of radiation having an angular distribution resembling that 
of the radiation scattered by the extranuclear electrons. It happens, however, 
that the apparatus was specially sensitive to the ordinary scattered radiation, 
for 40 per cent, of this radiation falls within the angular range lif to 30°, in 
marked contrast with the corresponding figure 6 per cent, for radiation re¬ 
emitted equally in all directions. Nevertheless, even allowing a possible 
experimental error of 2 per cent, in the relative values of the scattering coeffi¬ 
cients of magnesium and lead, not more than a third of the difference in the 
directly measured absorption coefficients (per electron) in these two elements 
can be due to any phenomenon resulting in the emission of an isotropic 
radiation. 

Mr. Beck has kindly pointed out to me that if the component of the nucleus 
set in resonance behaves as an electric dipole, the angular distribution of the 
fluorescent radiation will bo given by the Thomson formula 

I oc 1 d- cos* 8. 

In this case rather more than 8 per cent, of the energy is emitted in the forward 
direction between 10° and 30°, as compared with 40 per cent, in the case^of 
Compton radiation. 

Beck derives an expression for the scattering coefficient Sg of a single 
a-partiole in the nucleus. 

The total absorption coefficient per electron of any element is given by 

ft a. « 

(X. = S,+ ~.S„ 


♦ ‘ Koturwiss./ vol, 18, p. 895 (1980). 
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where Na is the number of a-particles set in resonance, and N, the number of 
extranuclear electrons per atom. 

Since the ordinary scattering coefficient is equal to 0, -f 

N 2 

*4“ 0 ,, “f“ . Sg. 

In the case of the thorium C'' y-iSLys the observed difference in the energy 
re-eimtted within the range to 30° by lead and magnesium was 2 per cent. 
Admitting a possible experimental error of 2 per cent., and allowing for the 
fivefold greater sensitivity to Compton radiation, it follows that 

^82 > 0 - 2 ; a, >0-008 Sj. 

If all the a-particles in the lead nucleus are excited, N«®/N* == 33, so that 

a 

82 > whereas Beck estimates Sj — Sj/lOO. 

Thus it would seem either that at most half the a-particles are taking part 
in the resonance, or that the energy re-emitted by a single particle is only 
about a quarter of that estimated. Unless the internal absorption coefficient 
is abnormally large, no appreciable proportion of the radiation re-emitted will 
be absorbed by the extranuclear electronic system. 

The scattering power of lead for the hard radium C y-rays was found experi¬ 
mentally to be slightly less than that of magnesium (cf. fig. 4, p. 538) While 
this was quite likely due to an inaccurate correction for reabsorption, it will bo 
observed that the difference is in a sense to be expected if the binding forces 
in lead exert an appreciable influence on the scattering. 1?his would tend to 
conceal the existence of a fluorescent radiation. Since, however, the intensity 
of the fluorescent radiation will decrease rapidly with increasing wave-length, 
and its existence is doubtful even in the case of the thorium C" y-taya, it is 
certainly negligible with radium C y-rays, so that the influence of the binding 
forces in this case is at most 1 or 2 per cent. It will be considerably less for 
the harder thorium C" radiation, and therefore does not appreciably affect 
the above considerations regarding the possible extent of the interaction 
between y-rays and the nucleus. 

It is a pleasure to express my thanks to Sir Ernest Rutherford and to Dr. 
J. Chadwick for the interest they have taken in this work, and to acknowledge 
the assistance of Mr. Crowe, who prepared the radon sources. 
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Summary, 

The relative scattering power of the elements magnesium, alimunium, copper, 
zinc, cadmium, tin, and lead for radium Cy-rays filtered through 4 cm. of lead, 
and thorium C" y-rays filtered through 3 cm. of lead, was investigated by 
observing the ionisation produced by radiation scattered within the angular 
range 10^ to 30'\ In the former case the scattering power of the elements 
per extranuclcar electron appeared to show a slight decrease amounting to 
2 per cent, between magnesimn and lead, and in the latter case there was a 
gradual increase of about the same amount; but in each case the difference 
was of the order of magnitude of the error which might have arisen through 
uncertainty in the application of tlie correction for reabsorption of the scattered 
radiation in tlic scattercr itself. These measurements therefore establish the 
fact that the binding forces in heavy elements do not appreciably influence 
the scattering power of the exiranuclear electrons for radiation of quantum 
energy 2*10® e-volts. 

Since 40 per cent, of the Compton radiation falls within the angular range 
10'' to 30"^ the measurements were relatively insensitive to any radiation that 
might be scattered by the nucleus. It nevertheless seems certain that not 
more than a third of the difference between the absorption coefficients of the 
thorium C'' y-rays in heavy and light elements can be duo to nuclear absorption 
resulting in the re-emission of approximately isotropic radiation. 


542 


Flame Speeds in the Inflammation ” and “ Detonation of Moint 
Carbonic Oxide-Oxygen Mixtures. 

By William A. Bone, D,Sc., F.R.S., and REGiNAiiP P. Frasee, A.R.C<S*, 

D.i.a. 

(Received November 13, 1930.) 

[Plate 8.] 

Seeing that hitherto our knowledge of the flame speeds involved in the 
inflammation ’’ and ‘‘detonation ” of carbonic oxide*oxygen mixtures has been 
mainly confined to those of the theoretical 2CO + O 2 inixture, and that com¬ 
plete data over the whole “ explosion range ’’ are needed for the determination 
of questions relating to the combustion of carbonic oxide, we have lately carried 
out experiments with a view' to suppyling the deficiency; and this paper 
embodies the results thereof. 


Experimental. 

A .—Flame Speeds in the Initial Phase of “ Inflammation.^* 

It may be recalled that when a quiescent explosive mixture is ignited at the 
open end of a horizontal tube, the other end being closed, a slow and usually 
uniform flame movement is initially set up. Except in mixtures very near to 
one or other of the explosion limits, this initial phase is soon succeeded by an 
oscillatory movement during which the flame swings backwards and forwards, 
usually with increasing amplitude, until it is either extinguished, by swinging 
too far backwards into its own products of combustion, or gives rise to a much 
accelerated movement, may be ending up -in “ detonation ” if sufficiently 
accelerated during a forward swing. 

Speaking generally, the initial speed of “ inflammation ” varies according as 
propagation is horizontal or vertical, and if the latter then according as it is 
upwards or downwards. In many cases also it varies with the diameter of 
the tube; but under defined conditions it is usually uniform and constant, 
although in one of our previous papers it has been shown that this is by no 
means necessarily or always so, especially with very sensitive oxygen mixtures.* 

In the experiments recorded herein, measurements were made of the initial 

♦ * Proc. Roy. Soc.,’ A, voL 114, pp. 402 to 419 (1927 ); see also pp, 103 to 134 of Bone 
and Townsend’s ‘‘ Flame and Combustion in Gases ** for a fuller disoussion of the subject. 
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speeds of inflammation of moist (i.e., “ saturated carbonic oxide-oxygen 
mixtures when ignited at room temperature (12° to 13° C.) and barometric 
pressure at the open cud of a horizontal glass tube 2-6 cm, internal diameter 
and 126 cm. long, the other end being closed by a rubber bung. 

The two methods, electrical and photographic, described in our previous 
paper (g.v.)’** employed, ignition being eflected by gently applying a 2 cm. 
high coal-gas flame to the quiescent explosive medium. The experimental 
mixtures had been accurately made up in gas-holders over mercury from 
carbonic oxide and oxygen, both of a high degree of purity, and the composition 
of each mixture was checked by analysis, the amoimt of adventitious nitrogen 
present never exceeding 0*5 per cent. The amount of water vapour present 
in each mixture when fired would be about 1*5 per cent. 



Fio. I .—initial Flame Speed in Moist CO — Oj Mixtures. 


The results, which are shown graphically in the speed-composition curve of 
fig. 1, were as follows :— 


Percentage CO in mixture 
Speed, cm. per second .. 

Percentage CO in mixture 
Speed, cm. per second ... 


15 20 25 30 40 

did not fire 25-2 43*5 60*2 97*5 


45 60 60 80 90 92*5 


It will be seen (i) that the “ lower limit ” mixture for inflammation is one 
containing somewhere between 16 and 20 per cent, of carbonic oxide, the 
explosion range at atmospheric pressure and temperature extending from 
thence right up to one containing rather more than 92*6 per cent, thereof ;t 


* Iak, oU., pp. 406 to 410. 

t Le Cliatelier found the “ limita of inflammation ” of moiet CO-oxygen mixtuiee to be 
between tfl*4 and 04'1 per cent. CO^contents, and our pieaent leenlto seem to oonflnn 
his. 

2 N 
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and (ii) that the mixture giving the maximum initial speed of inflammation 
would be one containing rather less than 80 per cent, of carbonic oxide. 

Comparing these results with those similarly obtained by us for hydrogen 
and oxygen mixtures at atmospheric pressure, we find that the “ explosion 
range included all those containing between 10 and about 94 per cent, of 
hydrogen, with a maximum initial flame^speed at round about 65 to 70 per 
cent, of hydrogen.* 

Moreover, on further comparing them (a) with the results of similar deter¬ 
minations previously made by us in glass tubes of 2*5 cm. internal diameter 
with moist carbonic oxide-*' argon-air ” ; and moist carbonic oxide-** helium- 
air mixtures, respectively, at 17^ C. and atmospheric pressure, os well as 
(ft) with similar results for moist carbonic oxide-** nitrogen-airmixtures 
in glass tubes of 2*6 cm. internal diameter at 12° C. and 750 mm, published bj*^ 
W. Payman from the Safety in Mines Research Laboratories:]:—the relative 
data for which are plotted for comparison in the speed-composition-curves 
shown in fig. 2—we find that all agree in showing (i) the maximum speed- 
mixture to be one containing a considerable excess of carbonic oxide, over and 
above the theoretical 2C0 + 0^ 4- 3*8R (where R Ar, He or N 2 ) proportion, 



Fig, 2.—Initial Flam© Speed in Moist «CO + (100 — x) (Oj -f 3‘SR) Mixtures. 

* Loc. c*<., p. 413. Le Ohatelier “ limits ” for hydrogen-oxygen mixtures were at 9*4 
and 91 *0 per cent, hydrogen, respectively. 

t By such expressions is meant an air containing 0^ -f 3*8R, where R » Ar, He, and 
Nt, respectively. 

t * Trans. Ohem. Soc./ vol. 115, p. 1455 (1919). The maximum flame speed was obtained 
with mixtures containing between 45 and 50 per cent, of carbonic oxide, the CO/O 3 ratio 
of which would be between 3-9 and 4*8 instead of the theoretioal 2-0. 
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iwuDDifilyj circo/ 3*5 GO Oj, 4C0 -j** 0^ '4* 3*8Arj 5G0 *4“ 0j| -4" 3*8B[6 ftud 
400 + 0| + 3*8 Nj, respectively, and (ii) that whereas excess of CO up to the 
limit reierred to in each case, increased the initial flame speed, excess of oxygen 
invariably diminished it. 

B .—Flame Speeds in '' Detonation,'* 

Although the late H. B. Dixon* investigated the influence of varying pro¬ 
portions of steam upon the rate of detonation of the theoretical 200 + Og 
mixtures, and fully dealt with the matter in his Bakerian Lecture of 1893, he 
did not explore the rates over the whole detonation range ” of carbonic 
oxide-oxygen mixtures, and little or nothing is known concerning them. 

The only information we can find in recent literature is contained in a paper 
published by B. Wendlandf six years ago, a perusal of which leaves us in doubt 
whether, except in perhaps one or two experiments, he had succeeded in 
establishing a true “ detonation ’’ in his mixtures. For his observed rates are 
generally too low, and seem rather to pertain to what is now known as the 
“ pre-detonation phase, which indeed may easily be mistaken for the real 
thing. Also we think that his explosion tube (only 5 metres long) was too 
short, and his method of initiating detonation in his experimental mixture 
uncertain. 

According to liim, the lower limit of detonation of moist carbonic-oxide- 
oxygen mixtures at 18'' and atmospheric pressure lies between 38 and 39 per 
cent, carbonic oxide content, where the speed was found to be 1340 metres 
per second in a 2*1 cm. diameter tube, which seems rather low for a true 
detonation. For a mixture containing 50*7 per cent, of carbonic oxide he 
found a speed of 1610 metres per second, which again seems low. The only 
speed recorded in his paper which we think undoubtedly relates to true 
detonation is 1740 metres per second for a mixture containing 65-6 per cent, 
of carbonic oxide. Thus H. B. Dixon fomid 1703 metres per second for a moist 
2C0 + Oj| (saturated at 20"^ C.) mixture, and we have found 1750 metres per 
second for a moist (saturated at IS*" C.) mixture containing 67 per cent, of 
carbonic oxide. 

It has been abundantly proved, in the course of recent work in both the 
late H. B. Dixon’s laboratoty and our own, that with moist carbonic oxide 
oxygen mixtures not only may the somewhat lower speeds involved in the 

pre-detonation period ” be easily mistaken for those of true detonation, 

* ‘ mi Trans.,’ voL 184, pp. 97 to 188 (1898). 
t * Z, Phys. Chem.,’ vol. 110, p. 887 (1924). 
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but that when first established tiie speed of the detonationmay l>e much 
higher for a while than tlie true constant speed eventually attained, particularly 
if and when the flame is overtaking a series of shock waves at the instant when 
detonation is set up. Thus, for example, in the course of our previous experi¬ 
ments, speeds up to 1575 metres per second were observed during the pre¬ 
detonation stage of a moist (saturated at 15^ C.) 2C0 + Og mixture in a tube 
of 1 • 25 to 1 ■ 3 cm. internal diameter; and in circumstances where detonation 
was set up under the influence of successive ‘‘ shock waves,*’ and just as the 
flame was overtaking one of them, speeds (in each case apparently constant 
foratime) of anjdihing between l,9(K)and 2,170 metres per second were observed.* 
The triic speed of detonation for the mixture, uncomplicated by the circum¬ 
stances referred to, would be rather less than 1750 metros per second in a 
tube of said internal diameter. 

According to our experience, in order to be sure of measuring the true speed 
of detonation of a moist carbonic-oxide-oxygen mixture it is necessary (i) to 
arrange the firing so that detonation is established with certainty as soon as 
possible in the medium without the interference of extraneous “shock waves,'* 
and (ii) to show that the speed measured remains constant indefinitely, how¬ 
ever long the explosion tube may be. For imless such precautions are taken, 
the results may be misleading. 

The photographic method now employed for measuring flame speeds has 
two great advantages over the older electrical method in that (i) the flame front 
records its own movement and characteristics which can be analysed at 
leisure, and (ii) the constancy of the measured speed can be established by two 
or more photographs of the flame taken over different short lengths of the 
explosion tube at considerable distances apart. Moreover, in the case of 
carbonic-oxidc-oxygen mixtures, the final establishment of “ detonation ” 
(as distinct from the “ pre-detonation ” phase) can be proved beyond doubt by 
the pronounced “ banded '* appearance of the advancing flame. Such appear¬ 
ance, together with subsequent constancy of the flame speed and other features 
in two successive photographs taken over portions of the explosion tube 60 
metres apart, has been our criterion of “ detonation " in the present experi¬ 
ments. 

Expenmetdal M^hod. —Our explosion tube and firing arrangements are 
shown diagrammatically in fig. 3. The source of ignition was a high voltage 
condenser discharge between electrodes contained in the firing piece A. The 
flame so initiated then traversed a series of xig-zag passages in the rectangular 

* We intend dealing more fully with this aspect of the subject in a subsequent paper. 
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aluminium detonating-box/‘* B, Bimilar in dcjsign to that originally deviaed 
many years ago by Professor G. R. Thompson at the University of Leeds, 


0 



which is a most effective means of rapidly setting up '' detonation in a 
sufficiently explosive gaseous medium. On leaving B, the flame traversed a 
hori/iOntal section, 3*2 metres long, of glass tubing, C, of selected uniform 
internal diameter (1-25 to 1*34 cm.) lief ore arriving at the horizontal 1*5 
metres section I) of the same tubing where its progress was photographed on 
a vertically moving film by means of a Fraser high speed camera with a 
4-iach 2*9 Pentac Dallmcycr lens. The flame then passed onwards through 
a 60 metres long leaden coil, E, of same internal diameter as the glass section, 
which terminated in another 1*5 metres long horizontal glass section, F, again 
of same internal diameter, arranged immediately above and parallel with 
section D, in such wise that a second photograph of the flame was registered 
on the same rotating film. 

In selecting the glass tubes used in the experiments, special care was taken 
to ensure both straightness and imiformity of bore in each case. Also, any 
joints were so made as to preserve exactly the uniformity of bore ; this last is 
an essential condition of accuracy, the attainment of which was attested by 
the entire absence from the photographs of any effects of reflection waves 
or other disturbing influences. 

The end of the explosion tube nearest the firing piece was closed by a three- 
way wide-bore glass tap, G, while the other end—which during the initial 
evacuation of the tube and subsequent admission of the experimental mixture 
thereto had been closed by the large rubber bung, H, carrying a tap, K, which 
led to a “ h3rvao ’’ pump and manometer in series—^was made “ open by 
removing the bung immediately before firing the explosive mixture. 

It may here be remarked that, whereas ordinarily in exploding moist carbonic 
oxide-oxygen mixtures, at least a 3 to 6 metres (and in some oases up to a 10 
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metres) ilame run is required for the setting up of detonation, by inserting such a 
'' detonating-box '' as B immediately after the firing piece, it was attained 
quite certainly after a 0*5 metre flame run beyond it, and became quite 
stabilised during the following 2 metres run. 

By the foregoing means two photographs of the horizontally advancing 
detonation flame were taken, at distances 60 metres apart, on a rotating film 
4 inches wide, the (constant and known) vertical speed of which was always 
adjusted so that the angle subtended with the vertical and the tiack of the 
horizontally moving flame front was always between 45^^ and 50", such being 
the condition most conducive to accurate speed-measurements, the probable 
error being well within 0*5 per cent. The length of each of the two flame 
movements photographed in each experiment was 1 • 5 metres, and from fig. 3 
it will be seen that the direction of the horizontal flames movement would be 
reversed during the interval between the taking of tlie two photograplis. 

Typical Photograph, —As showing the kind of result obtained, one of the 
dual photographs so obtained in an experiment with a moist SCO + Og 
mixture is reproduced in Plate 8. Here the constant vertical film speed was 
87*86 metres per second, and the angles subtended with the vertical of the 
two oppositely moving horizontal flames were both 49*5®, corresponding with 
flame speeds of 1,775 metres per second in each case. The characteristic 

banded appearance of tlie two flames, and their otherwise perfect similarity, 
are remarkable. 

Inflmnoe of Tube Diameter,—Although, in accordance with the findings both 
of Berthelot and Vieille and of H. B. Dixon, it has usually been accepted that, 
provided a certain small limiting diameter is exceeded, the rate of detonation 
of R given gaseous explosive mixture is independent of the tube diameter, we 
desired to test the point anew in regard to moist carbonic oxide-oxygen mixtures. 
Accordingly we made the following two series of experiments. 

First Series, —In the first and main series of experiments flame speed 
measurements were made over the whole detonation-range of moist 
aturated at between 17*6 and 19*0® C. with moisture contents 2*0 to 2*2 per 
cent.) carbonic-oxide-^oxygen mixtures, using tubes of 1 • 3 cm. internal diameter 
(all variationR being within 0 * 05 cm. of the mean), the apparatus being axmnged 
as already described, and shown in fig. 3. 

Second Series, —A second series of experiments was subsequently made 
with the same range of explosive mixtures, but using an explosion tube of 2 * 5 
cm. internal diameter. In these experiments, howevetr the first 5*6 metres 
section C of the explosion tube was a soM-dcawn steel tube of 2 * 5 ctU r mtemal 
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diameter, as ahown in the diagram, the neJtt 2 metres section D only (where the 
photograph was taken) being of glass. Moreover, owing to the extreme violence 
of the explosion, the lead coil E and the glass section F, liad to be omitted for 
“ safety reasons. 

The Experime^Ual Results . 

The experimental results are set forth below and sliown graphically in hg, 4 
where velocities in metres per second are plotted as ordinates against CO-con- 
tents as abscissaj. From these it will be seen that: 

(1) The ‘‘ detonation-rauge of moist (saturated) carbonic-oxygen mixtures 
at circa 18' and atmospheric pressure lies between about 40 and 80 per cent. 
(K)-(^ontentH, as compared with about 15*4 and 94*0 per cent, for their inflam¬ 
mation range/' 

In 1*3 cm. Tithe. 

Percentage 00 in mixture ... 60-0 57*6 67*0 71*8 75*0 77*6 80*0 

Rate of detonation metres 

per sec. 1732 1736 1760 1760 1809 1760 1730 

In 2*5 mt. Tube. 

Percentage CO in jui.vture ... 67*0 66*6 71*6 75*0 75*4 77*8 

Rate of detonation metres 

per sec. 1752 1796 1825 1870 1840 1780* 



(2) Within the said range the observed rates of detonation in a tube 1 • 3 cm. 
internal diameter all lie between about 1,700 and 1,800 metres per second. 
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(3) UBdoubtedly the rate of detonation of a given CO-Og mixture ia not 
quite independent of variations in tube diameter within the limits examined by 
us, the i^te being sensibly higher in a tube of 2*5 than in a tube of 1-3 cm, 
internal diameter. In this connection it may be added that we have found a 
glass tube of 0-36 cm. internal diameter to be the narrowest in which a true 
detonation could be set up and maintained by our method in a moist 2CX) + 0 j 
mixture at 17-S'" and 765 mm. pressure, the speed of such detonation being 
1,575 as compared with 1,760 in a tube of 1 *3 cm. internal diameter and with 
1,790 metres per second in a tube of 2-5 cm. internal diameter. 

(4) In both series of experiments there was a well-marked maximum rate of 
detonation at the 7600/260a mixture composition. This observation har¬ 
monised well with what had already been found (p. 543) regarding the maximum 

rate of inflammation in carbonic oxide-oxygen mixtures ; which occurred 
at very nearly the same point on tlie speed-composition curve [vide fig. 1). 

(5) Attention is particularly directed to the fact that, whereas an excess of 
CO up to SCO + Og over the theoretical 2CO + Og proportion increased this 
flame speed in both inflammation ’’ and detonation/' similar excess of 
oxygen always diminished it. Thus, for example, in the first series of detona¬ 
tion experiments we find :— 


Mixture. 200 + Og 2CO + Og + CO 200 + Og + Og 

Speed (metres per 

second) . 1750 1775 1732 


Di$cu$$i0H, 

Undoubtedly the most interestingfeatures of our results for the moist carbonic 
oxide-oxygen mixtures are those referred to under (4) and (6), namely, the 
occurrence of so well-defined a maximum flame speed at ci/rca the 300 + Og 
instead of at the 2C0 + Og mixture in both inflammation " and “ detona¬ 
tion," showing that whereas an excess of carbonic oxide (up to such limit) 
increased, a corresponding excess of oxygen always diminished, the flame speed. 
And from the curves shown in fig. 2 it is evident that this circumstance ia not 
materially altered by diluting the medium with either argon, helium or nitrogen. 
It shotild also be noted that G. 1. Finch and W. L. Patrick have recently 
observed a pronounced maximum rate of cathodic combustion for moist 
carbonic oxide-oxygen mixtures at a non-sputtering cathode at approximately 
the 4C0 4- Og composition.* 


♦ ‘ Vrw% lioy, Socj.,’ A, voL 129, p. 666 (1080). 
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Snell results can hardly mean other than that in the ease (A moist carbonic 
oxide-oxygen mixtures the point of maximum flame-speed is principally 
determined not by the density of the medium, nor by flame tempemtnxe, nor 
yet by suppression of COg-dissociation nor the like, but rathw by the CO- 
concentration itself. And such a conclusion points to the. combustion of 
moist carbonic oxide being conditioned by a prior “ excitation ” of its molecules, 
which are then, but not otherwise, rendered combustible. 

In conclusion we desire again to acknowledge our indebtedness to Messrs. 
Nobels Explosives, Ltd. (I.G.I.) for their continued generous support of this 
and cognate researches, including the personal grant which enables one of us 
(R.P.F.) to devote his whole time to them. 


The Symmetric Spherical Oscillator, and the Rotationed Motion of 
Homopolar Molecules in Crystals. 

By T. E. SiKas, B.Sc., Princeton University ; Trinity College, Cambridge. 

(Communicated by B. H. Fowler, F.II.S.—Received December 6, 1930.) 

§ 1. IntrodiK^ion, and the Symmetric Spherical OactUaior. 

In a recent paper, L. Pauling* has discussed the motion of molecules in 
crystals. By the use of approximate methods, criteria ore deduced in that 
paper for determining when the motion of molecules in crystals is “ rotational,” 
and when it is “ oscillational ” about positions of equilibriunou While it served 
Pauling’s purpose, the investigation did not go deep enough to satisfy the 
needs of the present author, who desired information about the statistical 
weights of the lowest quantum states of molecules in crystals, mote certain 
and definite than that provided by Pauling’s analysis. The present more 
rigorous investigation was accordingly undertaken. The results go somewhat 
beyond the author’s needs, but they are perhaps interesting in thwoselves. 
The investigation involves a problem in quantum mechanics which is capable 
of exact treatment, without the use of perturbation methods. 

We imagine a homopolar molecule of type X, free to rotate in a firid of fince 
of axial symmetry. Symmetry considerations show riiat if a certain orientation 

«Ib Pauliag, ‘ Phyi. Rev.,'vel. 86^ p. 480 (1980). 

▼Ofc.OXXX.—a. 2o 
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is one of equilibrium, then the orientation obtained by reversing tiiie molecale 
end for end will also be one of equilibrium; and we see also, if the orientation 
of the molecule is specified by the co-ordinates 6, tf> (the axis of 0 being the 
axis of equilibtium), that the potential function V(0) of the homopolar molecule 
must be symmetric about the equatorial circle 6 = 7t/2. We suppose tiiat our 
molecule is free from axial spin. If V(6) can be expanded in a Fourier series, 
then it can be expanded in a Fourier series made up of cosines of even multiples 
of 6. A good first approximation will be obtained by taking only the first two 
terms of this series; higher terms can be taken account of later, if desired, by a 
perturbation method. We therefore consider, with Pauling, the potential 
function 

(1) V = Vq (1 — cos 26). 

We desire solutions of the wave equation 


(2) -}- 871*1 (W - V) +/** = 0 
in the form 

(3) 4/ = F(6)e”“*, 


subject to the conditions that tj; must be single-valued, and that | | must be 

bounded, over the surface of the 0, <f> sphere. W is the total energy of the 
molecule as far as rotations about its centre of mass are concerned, 1 is its 
moment of inertia, and h is Planck’s constant. 

We see at once that m must be an integer which can be positive, zero, or 
negative in value. Make the substitutions (1), (3), and 



f a: == cos 0 




(i = (W - 2Vo) 
X*=167t*IVo/A» 


in equation (2), We obtain 


(6) (1 - a^>) F' ~ 2irF' -t- (ji -j- xV - m»/(I - ®») F = 0. 

Solutions are desired which are finite within the interval — 1 4 ^ x ^ 1. This 
equation has been considered by A. H. Wilson* among others; corresponding 
to any value of X there exist certain eigen-values of p, for which our conditions 
will be fulfilled. Make the substitution 


F = {l-x*)“/«y, 

* A. H. Wilson, ‘ Proo. Boy. Soo.,’ A, vol. 118, p. 628 (1928). 
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where M = | m |. Then onr desired Bolulaone are of two different types. We 
can represent y by a series of even powers of x, or by a series of odd powers of x. 
The two types refer in general to different values of (t. 

Wilson gives the equation 

( 6 ) 

1.2 X* 3.4 X* 5.6 X® 

(M+2)(M+3)-(x - (M-t-4)(M + 6)-(i. - (M + 6)(M+7) -[i— ” 

for the eigen values of |x corresponding to solutions of the even type, and the 
equation 

(7) (M + 1) (M + 2) - 

= 2 • 3 X® 4.6 X® 

(M + 3) (M -f 4) - (ji - (M + 5) (M + 6) - p. - ■" 

for the eigen-values of p. corresponding to solutions of the odd type. These 
continued fractions are convergent for all values of X and p ; and from them 
it is possible to calculate numerical values of p corresponding to arbitrarily 
chosen values of X. 

The author has used these equations to calculate values of p for the first 
seven eigen-states of the spherical oscillator, for integral values of X up to and 
including sis. The method used was to locate the roots by changes in sign, 
in the difference between the members of the equation used, when the root was 
passed; and to estimate by interpolation the position of the root within the 
“ bracketing ” values. The bracket used was unity, and values given by the 
graph 1 may be relied upon to well within a unit. It is not practical to calculate 
very large values of the roots accurately by this method, because of the great 
labour involved in using a sufilciently large number of terms in the continued 
fraction each time one tries to locate one end of a bracket. Methods will be 
described presently for obtaining approximations to the eigen-values of p 
corresponding to large values of X. 

In fig. 1 are shown the eigen-values of p corresponding to values of X up to 
six, for some of the lowest energy levels. The dotted curve (3, ± 2) is not 
accurate, and was drawn merely to complete the second vibrational level. If 
X is sero, it is obvious that our wave equation <2) is merely that of the spatial 
rotator; and we find as we expect the corresponding values of p. Accordingly, 
the eurves may be numbered by the use of n and m, the quantum numbers of the 

2 o 2 
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of the solutiouB for large values of X. However^ Wilsou* gives the following 
asymptotic expansion for (x : 

(8) fx — X* + 2X (f + M + 1) + 0 (l/X) 
oorresponding to the fundamental set of solutions : 

(y^ {(Kmie)7(cosll6)2<*'>+iJ+" + 0 (l/X)} 

( 9 ) 

Ua {(«08P)7(8in t + 0{1/X)}. 

The solutions (9) fail at 6 tt and at 6 == 0, and it is possible besides that 
there should be a constant term in (8). But if the first two terms of (8) are 
correct, then from the definition of asymptotic series we know that the error, 
resulting from using only the first two terms in (8) is cX, where c 0 as X «>. 
In Wilson's paper, it is stated that r must be an integer, but we shall show 
that we can take only positive even values or zero for it. 

Prom (4), (8), and the definition of as)anptotic series, we have for large X 


where 


1 /V,\w 


the frequency of vibration which the system •would have, for small amplitudes 
of vibration, if it were classical. That is, nearly, for large values of X and 
with a percentage error which approaches 0 as >,-»», 


( 10 ) 

where 


W = ftvo(N + l). 
N = r + M. 


This is the same as the equation giving the energy levels of the plane oscillator, 
which ought to be a good approximation to our system if X is very large and 
if the energy level of our system is a low one. The broken curves in fig. 1 
represent equation (8) for values of N equal to 0,1, and 2. 

It is now necessary to investigate the degeneracy of the various energy states 
of our wave equation for large X. To begin with, corresponding to any value 
of N in equation (10) greater than 0, there are various ways of choosing r and 
M. We shall show that r most be even. Further, corresponding to each oh<^ 
of f and M, there will be two choices of m if M > 0, and corresponding to each 
of these there will be two wave funotionB, one symmettio, the other anla- 

♦ Wilson, he. eit. 
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syxmuetric in reversals of the radius vector end for end, made up of linear 
combinations of the two solutions given b)^ (9). 

We show that r must be even as follows. When X is very large, we imagine 
equation (2) solved by a perturbation method. The unperturbed wave 
equation is taken as that of the plane oscillator, and its solutions involve the 
well-known Hermite polynomials. The energy levels of the plane oscillator 
arc given accurately by (10), and for any value of N there are Nj + 1 
linearly independent wave-functions. In particular, we can choose as our Ni+1 
wave-functions the eigen-functions corresponding to the + 1 eigen-values of 
the angular momentum* ——•Ni-1-2, —Ni—2, ; measured 

in units hj2iz. When we apply the necessary perturbation to the plane 
oscillator equal to the difference between the Hamiltonians of the spherical 
and plane oscillators, we may succeed, possibly, in splitting up our former 
energy levels to some extent; but we will not obtain any new eigen-values of 
the angular momentum -which now is the component of angular momentum 
of the spherical oscillator about the axis 0 = 0. M must still differ from N| 
by zero or an even integer. 

Corresponding, therefore, to any value or N there are 2(Ni + 1) linearly 
independent wave-functions; of these Nj + 1 symmetrical, and Nj + I 
are anti* 83 rmm 6 trical, in reversals of the radius vector end for end. 

The relation between the cases of small and large X is shown graphically in 
fig. 2. The number of linearly independent wave-functions is denoted by K, 

§ 2. The Rotatiofial Motion of Hmnopolar Mcleculea in Crystals. 

From here on our investigation is similar to Pauling’s. He points out that 
the molecules can be said to “ rotate ” if the difference between the energies 
of the wave-functions foi‘ a given N value is large compared with the difference 
between the energies of consectitive N levels, since the probability of reversals 
of the molecule end for end is then large; and that the molecule can be said to 

* We can Bhow that these are the eigen-values of the angular momentum as follows. 
We writ© the wave-equation of the plane oscillator in plane polar co-ordinates : r, 0. If 
the substitution is then made tj; / (r) oxp (t/0) (see a paper “ The Diamagnetism of the 
Free Electron,” C. G. Darwin, ‘ Proo. Camb. Phil. Soc.,’ as yet unpnblished(l>^mber, 1990). 
We must let CO ">"0. We find for eigen-values of the angular momen1»im fA/2w, where 
/ has any integral value, positive, negative, or zero ; and wo find for the oarrespondlng 
eigen-values of the energy W AV( 5 ( 2 a -f 111 4- 1)> where o is a positive integer or sscfro. 
We must take N ^ 2a -f- 111, and we then see at once that for a given value Nj of N the 
possible eigen-values of the angular momentum of the plane oscillator are those given in 
the text above. 
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“ oscillate ” about positions of equilibrium if the difference between the energies 
of the wave-functions for a given N is small compared with the difference 
between the energies of consecutive N levels. The transition between the two 
oases seems from an inspection of fig. 1 to occur roughly along the axis p, — 0 ; 
which corresponds to W — 2Vo. We might have anticipated this from the 
form of the potential function. We can obtain exactly the same criteria as 
Pauling’s for distinguishing between the two coses, without any difficulty; 
but it seems to us to be simpler to proceed as follows. For “ rotation ” to 
occur, we are to have W > 2Vo ; and regardless of the nature of the energy 
levels of the molecules, the molecules will not be likely, statistically, to possess 
this energy until the temperature T of the crystal rises to be comparable with 
2\Jk, where k is Boltzmann’s constant. Therefore, roughly, “ rotation ” 
occurs if 

T>2VoA- 

and “ oscillation ” occurs if 

T< 2Vo/i. 

These criteria are exactly equivalent to Pauling’s, but can be derived more 
simply and are in a simpler form. Actually, the probability that a molecule 
will “ rotate ” is given roughly by 

P = exp. (- 2Vo/jfcT). 

For the calculation of Vg, we refer the reader to Pauling’s paper. 

The writer wishes to express his thanks to Mr. R. H. Fowler for his many 
helpful criticisms and his advice. 
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Fine Structure in the Mercury Singlet Terms. 

ByS. Tolansky, B.Sc,, Armstrong College, Newcastle. 
(Communicated by T. H. Havelock, F.R.S.—Received December 9, 1930.) 


1. Intfoiuction, 

The fine structure occurring in a number of lino spectra has been reasonably 
accounted for by the theory of nuclear spin, but up to the present the com¬ 
plexity of the fine structure in mercury lines has remained unexplained, more 
lines occurring than theory demands. Because of the weakness of the singlets 
in the sources usually employed most of the investigations on mercury fine 
structure have been carried out on triplet and intercombination lines. The fine 
structures in the singlet series should yield more readily to analysis than in the 
triplet series, being simpler, and for this reason are investigated here. A 
comprehensive survey of the experimental work done up to 1926 in mercury 
was given by Ruark* who succeeded in accounting for the majority of the 
components in several triplet lines by giving a number of levels a threefold 
multiplicity. Only one singlet level 6 was discussed and the multiplicity 
attributed to this was seven. 

In a previous communicationf auaccount was given of a method for increasing 
the relative and intrinsic intensity of the singlet series and of inter-combination 
lines involving upper singlet levels. The series 6 7 % — w ^Pi 

and 7*Sx —m^Pi are particularly strengthened and these have been 
examined for fine structure with a Fabry-Perot interferometer. It was stated 
in a preliminary notej that X 4916 (6 ^P^ — 8 ^Sq) had four components and 
that the members of the series 7 -• w ^Pj, 7 — m ^Pj were sextet. 

These observations are now somewhat extended, fainter components having 
been found. Whilst this paper was in the course of preparation, a com¬ 
munication was received from Venkatesachar and Sibaiya§ giving the structures 
of some of these lines. Venkatesachar also stated, that in a short note to 
‘ Nature/ which was overlooked by the writer, Hansenjl found that X 4916 
was a quintet. These results will be discussed later. 

♦ ‘ Phil. Mag.; vol. 1, p. 177 (1926). 

t ‘ Proc. Phy«. Soc. Loud.; vol. 42, p. 566 (1930), 

I ' Nature; vol 126, p. 433 (1980). 

§ ‘ J. Mysore Univ.; vol 6, p. 146 (1930). 

II ‘ Nature,’ vol 119, p. 237 (1927). 
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2. Experimental Procedure. 

Many false structures have been recorded in mercury and much confusion 
has resulted from the common occurrence of self reversal in the sources employed, 
usually cooled low current arcs. In this investigation a low pressure high 
frequency electrodeless discharge in pure mercury vapour was used, since it is 
in this discharge that the enhancement of the singlets takes place. The 
experimental arrangements for producing the discharge were identical with 
those previously described* but the tube was modified. A Mullard D.O. 40 
valve was caused to oscillate on a wave-length of about 7 metres, and this was 
coupled inductively to a pair of wires of variable length connected to strips of 
metal foil wrapped round the ends of the tube. When the coupled circuit was 
in tune the tube glowed brightly, the singlets being stronger than in a low 
current arc. The strengthening of the singlet lines increased with lower 
current density and with lower temperature. In order to obtain the maximum 
amount of light, a pyrcx tube 5 feet long of 1 inch internal diameter was 
employed. The tube was highly evacuated by means of a mercury vapour 
ptimp and charcoal in liquid air, being thoroughly baked whilst pumping. 
About half a cubic centimetre of pure mercury was distilled into a side limb. 
The ends were blown into round windows and the observations carried out 
end on through the 5 feet depth of vapour. As shown in the previous paper 
there is no self absorption of the singlet series in the high frequency discharge, 
whilst the triplets are very strongly absorbed, particularly the lines X 5461 
and X 4046. These lines involve metastable levels, and as the pressure in the 
tube is very low these levels are favoured, thus increasing the absorption. 
This produces an interesting effect. When viewed at right angles to the tube, 
the discharge is a greenish blue : when viewed end on, it is red, due to the 
absorption of the green line and the strengthening of the red singlets beciause 
of the greater depth of view. 

The high frequency discharge is eminently suited to fine structure work 
since there are no strong elexstric fields and the pressure at which bright dis¬ 
charges can be obtained is usually very low. The tube runs quite cold and 
as the vapour pressure of the mercury is only of the order of 0*001 mm., the 
result is the production of lines much finer than can be obtained in any type 
of cooled arc. A source of difficulty lies in the fact that the high frequency 
discharge drives vapours into the walls of the tube with very great violence, 
particularly at the ends. The result is that after some hours the windows 


* * Proc. Phys. Soc. Loud.,' loc, ciL 
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b<H 5 ome coated with a film of mercury which reduces the iutensity of the source 
very considerably. This film is not removed by heating to a dull red heat in 
vaciio. It was observed that the parts of the tube under the electrode remained 
free from film. 

The ends of the tube were covered with thin copper foil electrodes, 10 cm. 
long, each having slots 1 cm. long and 2 mm. wide out in them. With this 
device the windows were kept almost free from film, one tube remaining clear 
for some 150 hours before accidental destruction. A slight film was deposited 
after long running, but the shielding of the electrode was sufficiently effective in 
keeping this so thin as hardly to affect the transparency of the window. The 
shielding was more effective when the tube had rounded ends. 

The lines were examined for fine structure with a Fabry-Perot (N.71) inter¬ 
ferometer crossed with a large quartz (E.l) spectrograph, both by Hilger. The 
interferometer has quartz plates with a 6 cm. aperture and a variable separa¬ 
tion. Ilford soft gradation panchromatic plates were used for the red lines 
and Ilford Golden Isozenith plates were also used for the blue. In all over 
60 photographs were taken with plate separations varying from 3 to 100 mm., 
and exposures varying from 5 minutes to 7 hours. This was found to be 
necessary in order to remove any ambiguity as to overlapping orders, etc., 
and because of the very marked intensity differences in some of the structures. 

The length of the exposures was limited by barometric fluctuations.* For 
the centre of the ring system of given wave-length X we have nX = where 
n is the order of interference at the centre, t the plate separation and fx the 
refractive index of the air. Both pressure and temperature variations affect 
jji, but since the temperature can be reasonably controlled the main disturbance 
is pressure change, which broadens the fringes. We thus get 

Xdn = 2idii ' 

therefore 



since Si- - is constant, p being the densitv of the gas 

P 

then 

P 

therefore 

dw = (jJL 1). 

X p 

* W. E. WilliamB, ** Applications of Interferometry,’’ p, 86 (Methuen, 1980). 
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This gives dn^ the fractional broadening of a fringe due to a given change in 
air density. With the sodium D lines and a change of pressure of 1 mm, dn is 
0*013 for a 1 cm. gap. Since the actual fractional difference of some of the 
components is about 0 - 1 , it is seen that a millimetre pressure change can 
seriously affect the definition. In rare cases only, could a 3-hour exposure be 
exceeded. 


3. Mode of Bedwtim, 

In the Fabry-Perot interferometer we have for any pair of components of 
a line dv r=:=dnj2\d where dv is the frequency difference between the com¬ 
ponents and dn the difference of the orders of interference at the centre of the 
two ring systems, dn is usually less than unity in practice. It is sufficiently 
accurate for the present purpose to take dv = dnj2t, t is given by a scale 
on the instrument, reading to 0*005 mm., which greatly exceeds the accuracy 
to which dn can be determined. It can be easily shown that dp*/d„ 4 .i* = 
(e + P “~ !)/(« +i>)j where dp dp^^ are the diameters respectively of 
the pth and p + 1 th rings of any given component and e the fractional order 
at the centre. This gives c = dp^^^Hd^j^^ — d/) — p. Further, it can 
be shown that dp^^* — dp* = Wf^jn^ where h is the magnification factor of 
the spectograph, / the focal length of the image forming lens of the interfero¬ 
meter and «0 the absolute value of the order of interference at the centre. This 
is very high and may be taken as the same for all the components of a line, so 
that dp^i® — dp* should be a constant for all the components. Usually 
three or four rings were measured with the smaller gaps, and more with the 
larger. The squares of the diameters were arranged in a table and the differ¬ 
ences of adjacent values taken, giving several values, often about 16, The 
squares divided by the weighted mean of these differences gave the fractional 
order at the centre plus an integer. The deviations of the differences from the 
mean difference enable weights to be given to the individual diameters so that 
the final accuracy of the results is very much increased. For any pair of 
components with fractional values Cj and Sj, dw — — Cg, so that 

dv = (ej — 

4 . Experimental Observations, 

A* The Series 6 —Of this series only one line X 4916 (6 'P^ 

8 gave reliable data since the next members were in a tepon where the 
resolving power of the interferometer was relatively poor. 
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X4916* 

This line has long been considered as single and is given as such by Ruark. 
As already mentioned, Hansen finds five components whilst Venkatesachar 
and Sibaiya ascribe a coarse octet structure to it. This line was examined 
with plate separations varying from 3 mm. to 100 mm. Most of the plates 
agree extremely well. The separations, given in thousandths of a wave* 
number, are probably accurate to one unit. Table I and fig. 1 show a com¬ 
parison of the structure observed with those recorded by Hansen and by 
Venkatesachar and Sibaiya. Intensities are only visual estimates in all 
cases. In the present work the relative intensities of widely different lines 
were estimated by using lines of intermediate intensity in a step up ratio. 


Table I. 

Hansen. 

1 

Tolamky. | 

Venkatesaohar and Sibaiya. 


1 - ! 

i -1-671 (2) 


1 - ! 

t-306 (5) 

+ 08 <2) j 

1 -h98 (1) a 

-840 1) 

+ 56 (4) 1 

! +56 (4) 6 

+83 (2) 

0 (10) j 

! 0 (80) c 

0 (10) 

- 66 (3) i 

1 - 62 (3) d 

-124 (3) 

-121 (5) 

1 -128 (2) « 

-364 (2) 


i 

1 

1 

-612 (1) 


The structure given by Venkatesachar and Sibaiya differs markedly from 
the other two, which agree very well. A search was made for this coarse 
structure. The interferometer was set with a 4 mm. gap, at which separation 
the extreme components given by them should be approximately midway 
between adjacent orders. The main component was heavily exposed in 5 
minutes, yet no sign of this coarse structure appeared after 7 hours. A Cooper 
Hewitt low current arc also showed no indication of this structure. 

The structures may actually differ in the different discharges but this is not 
likely since the Cooper Hewitt arc did not show any variation. If the coarse 
structure is spurious, strong self reversal, or ghosts m the interferometer used 
are possible causes.* 

The most noticeable fact concerning the structure of X4916 is the great 
relative intensity of the main component, which is considerably greater than 

* Dr. Hansen informs me that he also finds no trace of the coarse structure using Dununer 
plates and a Fabry-Perot interferometer. He states that the separaiions given by 
were calculated from one plate only and are not therefore to be considered as very reliable. 
The agreement with the present observations is nevertheless extremely good. 
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the sum of the intensities of all the others. This is not likely to be due to the 
fact that the line is a group of unresolved components. If it is, the components 
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Fm. l.—atruotnie of Lines of 6 ‘Pj — m ‘S# Series. Intervals in cm.-* x 10~*. 

are extremely close together since the line is not split up with plate separations 
of 10 cm. and is so narrow that components must certainly be less than 0*002 A. 
apart. There is a marked difference between the intensitieB recorded and those 
given by Hansen. It was previously shown* that the satellites of X 6461 ate 

* ‘ Proo. Phys. Soo. Lond.,’ toe. eft. 
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more nearly equal in intensity in the hi^ frequency disdhairge than in the arc, 
and this is due probably to tberelatively greater absorption in the high frequenoy 
discharge. If the source used by Hansen (a water cooled Lummer lamp) 
absorbs X 4916 more than in that used here,* then a similar effect will be 
expected. Fig. 1 shows that Hansen’s intensities are more nearly equal than 
those recorded here. .(Vny type of arc is likely to absorb X 4916 to a greater 
extent than the extremely low pressure high frequency discharge. Selective 
self absorption may then account for the difference. 

It was due to the great differences in intensities that the line was first 
recorded as single. 

Structmea of X 4108 (6 •— 9 ^Sq) and X 3802 (6 ^Pj — 10 ^Sq).—-A n 

attempt was made to obtain the structures of these two lines since they are 
the next two members of the series to which X 4916 belongs. They fall in a 
region unsuited to the Fabry-Perot used, so that the fringes were poor and only 
the stronger components could be observed. It is intended to investigate 
these lines later with a more suitable interferometer since their complete 
structures would enable the structure of the level to be determined. 
X 4108 showed three components and X 3802 two. 


X 4108. 

•f57±l (2) 
0 ( 10 ) 
-128 ±2 (1) 


X3802. 

+ 54 ±5 (2) 

0 ( 10 ) 


The accuracy of measurement is poor in the case of X 3802. The structures 
are shown graphically in fig. 1. 

B. The Series 7 — m —Two members of this series, namely, X 6716 

(7 — 8 ^Pi) and X 6234 (7 — 9 ^Pj) were examined. The first gave a 

sextet structure, the second showed a seventh faint component. There is a 
rapid failing off in plate sensitivity towards X 6716 and this line photographed 
much weaker than the next member of the series. One would have expected 
it to have shown the same number of components as X 6234, but the seventh, 
if there, would be too faint to bo photographed. Venkatesachar and Sibmya 
attribute a quintet structure to the line X 6716. 

Structure of X 6716.--Mo8t of the measurements were carried out with plate 

* See also Metcalfe and Venkatesaohar, ‘ Pioc. Roy. Soo.,' A, vol. 105, p. 620 (1024). 
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separatioDfi of 7 mm. to 9 mm., but for the closer components a 26 mm. gap 
was used. Three hour exposures were usually employed. The observed 
structure, together with that given by Venkatesachar and Sibaiya is shown on 
Table 11. 


Table 11. 


VenkateBaohar and Sibaiya. 

1 Tolansky. 

1 

1-129 (2) 

“f“220rb"^ (1) ® 

0 (8) 

+ 122 ±8 (8) 6 

-120 (10) 

0 (30) c 

-260 (6) 

-122 + 1 (20) d 


-230+4 (6) e 


-279+1 (6) / 


The extreme limits for the separation errors are indicated in the second 
column. The probable error is less than the range indicated. 

There is good agreement for the stronger pair od only. Venkatesachar and 
Sibaiya give a component —260 which is obviously the pair ef but unresolved, 
since the 25 mm. gap was needed to separate these completely. Their 
intensities differ from those given here, the cause of which may also be absorp¬ 
tion. A weaker source and an inferior resolving power will explain the 
differences. The observed structure is shown graphically in fig. 2. 

Structure of X 6234.—This shows seven components. With plate separations 
of 6 nun. to 9 mm. the appearance is that of a very strong main line with five 
weaker satellites fairly symmetrically distributed. The main component was 
resolved as a close doublet with a 25 nun. gap so that one of the weaker lines 
was taken as the standard from which differences were calculated. Only the 
two longest exposures, 4 hours and 7 hours showed the seventh component. 
The structure is given in Table III and fig. 2. 

Table III. 

+ 88 ±4 (3) rt 
0 (4) b 

-128+1 (80) e 
-l«fi±l (20) d 
-236+1 (4) « 

-406+1 (6) / 

-096 t (1) 9 

C. The Seritt 7 •Si — m ipj.—Two members, X6072 (7*Si —8^Pi) and 
X 6676 (7 ^ — 9^Pi), were examined. The first was found to have eight 
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Fig, 2.—Structures of S — Lines. 


components, and the second, which was much weaker, showed seven. 
Venkatesachar and Sibaiya have examined X 6072 in the arc and find five 
components. 

Structure of A 6072.—Plate separations varying from 4| mm, to mm,, with 
exposures of 3 hours were employed. A certain amoimt of trouble was caused 
by one component, which was reasonably strong and so far from the nuun 
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pair, that it overlapped into the next order blurring different ocunponents for 
different gaps. The observed structur** is compared with that given by 
Venkatesachar and Sibaiya in Table IV. 

Table IV. 


Voakat<'s«ohar and Sibaiya. , 'rolanMky. 


4-122 (7) 
0 ( 10 ) 
•119 (5) 
-244 (1) 
320 (3) 


f lift 42 (7) a 
0 (» 0 ) h 

128 42 (20) r 
-2404 2 {:» d 
284 43 (2) 

- 383 l4 (2) / 

489 43 (1) g 
-653 4l (5) h 


The agreement is poor. The source used by V'enkatesachar and Sibaiya 
is probably weaker, accounting for the absence of the fainter lines, since only 
the strongest are recorded by them. The intensities are considerably different, 
as in the case of the previous lines. The strnctun? is shown graphically in 

fig. 2. 

StTW)luTe of X5676.—For gaps of 5 mm. to 12 mm., and with the longest 
exposures, the line showed a strong main component with five weaker satellites, 
the main component being resolved as a (^lose doublet at 25 mm. See Table V 
and fig, 2. 

Table V. 


452442 (5) a 
427844 (S) b 
414543 (1) c 
0 (30) d 

- 3041 (20) e 
-15142 (4) / 

*560 42 (7) g 


There are several factors to be considered in discussing the observed struc* 
tiires in relation to those given by Venkatesachar and Sibaiya. There haa 
often been a good deal of disagreement in recorded structures due to the 
following causes. Imperfections in the interferometers used have resulted 
in ghost images, varying degrees of self-reversal have produced either spurious 
lines or apparent displaoements, insufficient resolving power has caused a 
group of lines to be classified as one, with weaker sources fainter components 
have been missed, and finally it is possible that structures actually differ in 
vot. oxxx.™A. 2 p 
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difierent tf^pes of discharge. As regards the relative merits of different types 
of interferometer, the Fabry-Perot, particularly if the gap is continuonsly 
variable, has important advantages in the less refrangible part of the spectrum. 
There is no liability to false images, and ambiguities arising from the over¬ 
lapping or superposition of orders can be completely resolved by choosing 
suitable gaps. 

It is evident that the source used by Venkatesachar and Sibaiya was much 
weaker than that employed here. The resolving power of their Lummer plates 
does not appear to have been adequate, since a pair of close components in 
X 6716 is recorded by them as one. It is very improbable that the structures 
recorded here have been affected by reversal since they remained the same 
under very varying conditions of discharge. For instance the same structure 
was obtained when viewing end on through columns of vapour var)ring in 
length from 10 to 150 cm. and also in the discharge through a capillary tube 
1 cm. long and 2*5 mm. bore. The singlets were much weaker in the latter 
case on account of the higher temperature and pressure, so that only the stronger 
oomponents were observable. With this discharge the separation of the main 
pair of components of X 6716 was 122 and 121 on two different plates, that is, 
identical with the value, 122, for the long tubes. If this structure was due 
to reversal, the separations would certainly have been different in the two 
oases. The fineness of the fringes with very big plate separations (10 cm.) 
is a further indication of the absence of reversal. 

5. Analysis of Structure. 

Since the data for the series 7 ^85 — to and 7 “Sj — to ’Pj are more 
complete than those for 6 ^Pj — to ^Sq, they will be considered first. The 
simple term scheme for the lines examined, without shovring fine structure, is 
shown in fig. 3 (o). 

It is to be expected that frequency differences which are common to lines 
involving a common level, will be characteristic of that level. On this basis 
frequency differences common to the lines XX 6716, 6234 should be character¬ 
istic of the 7^Sg level. This is, however, not so. The common frequency 
differences which occur in the four lines are shown in Table VI. 

Not all of these are independent and those bracketted together are included 
as the sum of others. The structure for X 5676 is the least reliable, and in it 
the differences 06 , be, result from three lines of which the centre, 6 , is doubtful. 
If this is moved by 2 units these differences become 244 and 280 which agree 
with differences in X 6072. 
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Table VI. 


A 6716* 

A 6234. 

A 6072. 

1 A 6676. 

7 IS, ^ 8 

7 >S, ~ 9 >P,. 

..... .. 

7 »Si ^ 8 

j 7*8,-9 *P,. 

98 <U> 


99 «/ 

1 

244 bd 

243 ad 

244 ac 

i 246 ab 

187 

155 bd 

156 ce 

! 161 d/ 

/401 bf 


/400 ae 

i 

\499 af 


\m af 

\ 

1 

122 be 

123 be 


i 121 ^ 

^cd 


625 ch 

I 624 ad 



143 df 

\ 145 6d 


32 cd 

284 be 

30 

j 278 be 

In attempting to set up a scheme of levels which will account for the observed 
structures, it is usual to accept the recurrence of a particular interval in two 
lines having a common level as evidence of the existence of this interval within 

the latter. Adopting this procedure provisionally, it 
the differences given below to the levels indicated. 

is possible to attribute 

7%. 

8 iPi. 

9iPi. 

7»Si. 

244 

244 

244 

244 

156 

156 

156 

156 

122 

98 

31 

525 



122 ? 

282 




144 


Thia assurntpion would mean that the differences 244 and 156 are character¬ 
istic of the three singlet levels and also of the triplet level. It is difficult to 
see how this could come about. A simpler explanation is to assume that these 
differences are characteristic either of the two levels or of the two S levels. 
It will be seen from fig. 3 (a) that in either case they can appear in the structures 
of all four lines. 

Since the S levels belong to different systems (singlet and triplet) and since 
their y values are different whilst those of the levels are the same, it is more 
reasonable to assume that these common differences are characteristic of the 
levels 6 ^P^ and 9 ^P^ and not of the S levels. On this basis the differences 
could bo attributed to the levels as follows:— 


1%. 

8iPi. 

9iPj. 

7»Si. 

122 

244 

244 

626 


166 

156 

282 


98 

31 

144 



122? 



2 P 2 
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There is a doubt about the reality of the 122 value belonging to 9 since 
it has been determined from the component / in X 5676, the measurement of 



Fia. 3a,— Transitions Investigated, Fio. 3b, —Fine Htniotiire Intervals. 

(Scale of Fig. 3n is alxHit 120.000 times thut of lig, 3ri.) 


which is likely to be in error since the separation df m somewhat lower than 
156. Whilst it has not yet been found possible to determine the relative positions 
of the levels themselves, it can be concluded that the 7 ^8^ level is double, 
the 8^Pi level quartet, the 9^?^ quartet and possibly quintet and the 7 '"'Si 
level quartet. The terms may actually be more complex since not all the 
levels necessarily take part in transitions or show up in common differences. 

The nature of the structure is shown in fig. 3b, which is meant to give the 
number of levels only, the differences being shown merely to indicate their 
values. Whilst the relative positions are unknown the differences 244, 166, 
98 are adjacent to one another in 8 since both the differences 400 and 498 
oc(mr, and 244, 156 are adjacent in 9^Pj since 400 occurs there too. The 
transitions have not yet been unambiguously determined, but the usual 
selection principle apparently does not hold at all. Since there is no reason to 
doubt its validity, we must conclude that the levels do not all belong to the 
same atom, but to different isotopes. 

Buark has given a very complex structure for the 6 ^P^ level, finding it to 
have seven components spaced as follows, 130, 129, 102, 247, 261, 167. A re¬ 
examination of the data used by him shows that this is not a necessary con¬ 
clusion. It has been shown above that a pair of frequency differences is 
common to two ^Pj levels with different total quantum number. Buark 
finds that the lines 6 ^P^ 7 6 »Pj 7 *0^, 6 3P<> ^ 7 show the 

frequency differences 418, 196. He therefore attributes these to the common 
level 7 “Dj. He points out that 6 ®Pq — 8 *0^ shows the difference 196 and 
concludes that 8 ®Dj has a structure “ somewhat similar to 7 *Di. Further 
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evidence will be given later ae to why approximately equal differences may be 
expected to recur in terms having the same I and j values. If this is assumed, 
then Ruark's conclusions as to the structure of the 6 ^Pj level can be modiffad. 
Since the differences 247» 261, 167 appear in the lines 6 — 7 and 

6 he attributes these to the common B^P^ level. But Ruark's 

data for the liiui 6 ®Pj — 7 give the difference 263. This is practically 
identical with the value 261 above and would appear in the three lines only, 
if it was characteristic of the levels. This leaves thf? values 247 and 167 
as belonging t/O 6 IPj. As the value 247 is given by Ruark as the mean of two 
experimental values 245 and 249, it is seen that this agrees sufficiently well 
with the value 244 already found common to S^P^ and 9^P|. The other 
three intervals given by Ruark for 6'Pi are got from 6'Pi -7^D2 and 
6'P] — 7 which show the differences 130, 129, 102. It may be noticed 
that 128, 103 also appear in the line 6'Pi - 7 and so may equally well be 
attributed to tlu‘ 7 level as to the 6 'Pj level. Thus, neglecting this doubt¬ 
ful pair for the present, only 247, 167 and 130 remain as definitely belonging to 
6'Pi. Further evidence as to the striictun^ of this level can be obtained from 
the series 6'Pi —m'S^ examined here. The differences 55 and 128 are 
common to 6 'Pj — 8 and 6 'Pi — 9 'S^, whilst 55 is also found in 6 'Pi — 
10 These could therefore be attributed either to 6'Pj or else to the 'S^, 
levels in general Since 130 definitely belongs to 6'Pi the value 128 found 
from this series can be identified with this, and as there is no evidence that 55 
belongs to the 'S^ levels it can be also attributed to the 6 'Pi level It has 
been shown above that 102 may possibly be attributed to O'Pj, and as the 
difference 98 cxjcurs in 6 'P^ - S'S^ it is probable that these are the same, so 
that the mean, 100, is likely to belong to 6 'Pi. The net result is to give the 
following differences to this level 244, 167, 128, 100, 55, The differences 244 
and 156 100 4- 55) which are the differences recurring in 8'Pi and 9'Pi 

occur in this. There is not enough evidence to determine the structure of 
6'Pj completely, and it is hoped that a re-investigation of higher membeta 
of 6 'Pi — m 'Sq will throw further light on the question. 

The differences found here for 7 ®Si are 525, 282, 144. Of these 282 agrees 
well with an interval of 281 established by Ruark as belonging definitely to 

7 ®Si. As to 144, differences of 146 and 146, 145 can be obtained from his 
data for 6 *Pi — 7 *Si and 6 *Po 7 ®8i so that these are no doubt identical 
with the difference in question; hence 144 may be associated with 7 ®Si. 
The difference 619 can also be found in lus data, but this is somewhat removed 
from the value 626 found here. 
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Before proceeding to the diecusaion of results a tabulated suminary is given 
below in Table VII for the evidence in favour of common frequency differences 
belonging to levels of the same I and j value but of different total quantum 
number. The lines are shown in the first column the differences common to 
these are shown in the second and the levels to which these differences are 
attributed on the present interpretation are shown in the third. Some data 
for cadmium, which will be discussed later, are included below the line. 


Table VIL 


I. i 

i 

i 

11 . j 

1 


in. 


7 ‘So 
7‘S, 
6*P, 

6*Pi 

™ 8 

~9»Pj 

~ 71 D, 

- 

!i 

J 

1 

^ 244. 156 { 

6>P. 

8'P, 

O^Pi 

6*P. 

- 

1 

J 

^ 196 ! 

1 7»D, 

! 

8»Di 


6‘P, 

6^P, 

6®P, 

-7^1), 

- 7^0, 

i] 

^ 2dl 


8^0, 


5»Po- 

6*P.- 

-5»S, 

-6*8. 

- 7»8i 

i 

J 

127 

5»8i 

6»8, 

7»S, 


6 . Discussion of Results. 

The origin of fine structure in spectrum lines has been sought, to a certain 
extent successfully, in the coupling between the optical electron and the 
spinning nucleus. If % represents the spin quantum number of the nucleus, 
then a term of given j value will be split into a set of sub-levels, each denoted 
by a “ fine structure quantum number ” /, which is obtained by adding i and 
j vectorially. The number of such levels is 2i + 1 or + 1 according to 
which is the smaller. Transitions to and from these levels are subject to a 
selection principle which has been found to be*^ A/ = 0 ± 1 (0 0 excluded). 

On this basis, several fine structures, c.^., Bi, Cd, etc,, have been satisfactorily 
aocoimted for. The theoretical multiplicity to be expected in the terms of 
triplet spectra has been worked out by Sohfiler and Brttckf and tested in the 

♦Sohfilor and Brflok, ‘Z. Phyaik,’ vol, 55. p. 575 (1929); White, ‘ Phys. Rev., 
voL 34. p. 1397 (1920). 

t‘Z. Phyaik,’ voL 56. p. 291 (1929), This work was examined by Goudsmit 
(‘ Naturwisfi..* vol. 17. p, 805 (1929)) who made oortain oorreotionB, but supported the main 
oonolusion reached by Sohhler and Brflok. 
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cadmium spectrum. All the fine struoture can be accounted for by taking 
»^ except for one very strong component in each line. Since the ordinary 
intensity rule has been found to hold for fine structures, the extreme intensity 
of these components was a farther indication that an origin must be sought for 
them other than that for the other components. To explain the facts, Schuler 
and Brdck assumed that only the isotopes with odd atomic weight possess 
an appreciable nuclear spin, and therefore have fine structure levels. Since 
Aston has shown that the even isotopes are the more abundant in cadmium, 
the strong lines in the fine struoture may be attributed to the even isotopes, 
thus forming simple triplets without any fine structure. This explanation 
accounts for all of the components. 

Many attempts have been made to explain the mercury fine structures in 
terms of isotope shift due to a simple mass variation of the Rydberg constant, 
but these have met with no success, the theoretical shifts being very much 
smaller than the observtMi structures. A fine structure, due to mass variation 
only, has been recently found in the case of neon by various vrorkers,* and shice 
the displacements are of the order predicti^d there is no reason to expect 
displacements in mercury, due to this cause, of a quite different order from 
that predicted. Metcalfe and Venkatesachar,t whilst examining the absorption 
of the satellites of the green mercury line X 5461 found that one component 
was hardly absorbed although there was strong absorption in the others. 
They suggested that this component may arise from an isotope. 

These earlier attempts at analysis did not involve the conception of nuclear 
spin, and using this as a basis, an attempt will now be made to give a qualitative 
analysis of the mercury singlet system. Fig. 4 shows the tenn schemes to be 



4,““TheoretioaI Fine Btractures for'S# — 'Pi Series. 


♦ Hansen, ‘ Naturwiss./ vol. 15, p. 168 (1927); Nagaoka and Miahima, * Soi, Pap. Inst. 
Phys. Ohem. Res./ Tokyo, vol, 293, p, 13 (1920); Thomas and Kvaxks, ‘ PhU. Mag./ vol. 
10, p. 126 (1930). 

t * Nature/ vol. 115, p. 15 (1926); ‘ Pmc. Roy. Boc./ A, voL 105, p, 520 (1924). 
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expected in the Heries 7 ^Sq — wt ^Pi for a number of different values of i. It 
is seen that in all cases (except i = |) the number of fine structure components 
should be three. Since the j value of the 7 hS,, level is 0 then this level must 
invariably remain single with f and there can never be more than three 
fine structure levels. However it has already been shown experimentally, 
that the linos ar(i sept^^t, that the 7 level is double and that the ^Pj level is 
at least quartet. There is also evidence that the levels with the same I and j 
values have common fre^juency differences. The explanation of these diffi¬ 
culties must be sought for in the isotopic constitution of mercury. These have 
been recently measured and their abundances accurately determined by Aston.* 
The values he gives are shown in Table VIII. There are only two isotopes 
with odd atomic weights and the abundance ratios of even, to the two odd, 
summing the even, are about 5*1 : 1 - 2 : 1. 

Table VllL 


Alnuiilanct*. 



Atornit- weight. 

Even. 

(Wtl. 

1 

106 

0 10 


108 

OKO 

— 

100 

— 

10'45 


23-77 1 

— 

201 


18-67 

202 

20-27 ' 

— 

204 

6-86 

— 

Toul . 

.i 60'88 ! 

3012 


A roughly qualitative explanation of the observed structure can be given 
by making the following assumptions :— 

(a) The value of i is xero for the even isotopes. 

(5) The value of i is different for the two odd isotopes and in both cases is 
greater than i. 

These assumptions would give 8evf3a components for the structure of a 
^8 line of which the null component, that is, that originating from atoms 
without nuclear spin, would be much stronger than the rest. The two different 
values of i would result in two sets of triplets, and this is a possible origin of 
the doubling of the ^8^, level, and the existence of constant frequency differences 
♦ ^ Proo. Roy. Sw.,’ A, vol. 126, p. 611 (1930). 
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in the levels. The null line (a in fig. 5) wonld then be attributed to the 
even isotopes, the ‘Pj and *S„ levels of which are undisplaced. If one of the 


j =0 »=1 »=2 

• f ____ _ _ _ 



FfO. 5.—Itlu»trating fine possible Origin of « St^ptet Htruoture in the Hories, and 

the appawnt Doubling of the fjevel. 

isotopes httH a nuclear spin with i J> 1 then the corresponding levels will be 
both displaced, and in addition the upper will be split into three. The amount 
of displacement will depend entirely upon the coupling of the electron moment 
with that of i\\o nucleus and therefore on the closeness of approach to the 
nucleus. With levels of high total quantum number, such as the levels in 
mercury, the distance of closest approach is practically independent of the 
total quantum number, with the result that similar displacements occur in 
terms of the same I and j values, producing frequency differences common to 
them. It is of interest to note that the 8 term is perturbed, as shown by 
the values of the quantum defect calculated from 7 — m and 6^S(j — 

m These are : 

KMPj I PPi 12 ip, 
4-10 4*10 3-48 3'90 3-98 4MMi 4d)l 

As shown by Wentzel* this is due to the fact that orbits with lower quantum 
number just fail to penetrate a closed shell whilst those of higher quantum 
number succeed in penetrating. The 8 ^Pj level appears to be a border line 
case, the result being a displacement of the order of —1,500 cm.''^ It has been 
shown, however, that this perturbation does not seem to have had any effect on 
the fine structure, since common differences occur in 6 ^P^, 8 ^P^, 9 ^P^. This 
is t*o be expected, for whilst slight penetration of a closed shell has a very marked 
effect on the term value, because of the alteration in screening constant, the 
nuclear coupling, being magnetic, is hardly affected by the slight change in 
distance of the electron to the nucleus, there being no magnetic screening. 


♦ ‘ Z. Physik,’ vol. 19, p. 53 (1923). 
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Bence although the term is perturbed, the fine structure should remain un¬ 
changed. 

The same displacement of upper and lower levels of same I and j values but 
on a different scale, would repeat itself with the second odd isotope. This 
would result in seven and three levels, giving a septet structure to the 
line. If two of the fine structure levels coincide, which can happen if the 
values of i differ by an integer, a frequency difference will residt from these 
levels, which will be common to lines involving both 8 and 9 ^P^ levels and 
this would naturally then be attributed to the level. This is shown in fig. 
5. A simple illustrative case is worked out for i = 1 and 2 (a similar result is 
got for half integral values if i > ^). The energy differences have been calcu- 
lati^d from the formula* Eij == {/(/ + 1) — j (j + 1) — i {i -j* 1)). The 

difference between the lines be will repeat with higher ^P^ levels and is the 
difference in the energy values of the ^8 q temas. It has already been shown 
that the difference 122 appears to belong to the 7 term. The differences 
244, 156 which recur in O^Pj, S^Pj, 9^?^ are probably the two isotopic 
displacements. It may be significant that these are approximately in the 
ratio 3 : 2. Concerning the reality of a constant isotope displacement in terms 
of the same sequence it may be observed that a similar phenomenon can be 
found in the experimental dataf used by Schiller and Briick for cadmium. 
In each of the lines 6 *Pj — 5 ®Sj,, 6 ®Po — 6 5 ®Po — 7 the main 

component, which is attributed to the even isotopes, is displaced by a difference 
of 127 (not a characteristic of 5 *Po) from a line of the spin multiplet. This 
seems to indicate that this difference, known to be an isotope displacement in 
this case, is a characteristic of the 5 *S|, 6 and 7 levels, which 
are also levels of reasonably high quantum number (see Table VIII). 

Since the abundance ratios of the total even to the odd isotopes are 5*1: 
1*2:1, it is to be expected that there should be one line at least ten times 
stronger than the next intense, this strong line coming from the even isotopes. 
The observed structures for 7 — m ^Pj and 7 — m ^P^ show two lines 

much stronger than the rest. The series 6 — w ^P^ should show seven 

components but X 4916 only has five. The great intensity of the main com¬ 
ponent appears to indicate that this is a fusion of the stronger pair, at least, 
recorded in the ^8 — ^P series. This fusion may come about by the coincidence 
of levels. 


* Pauling and Qoudsmit, “ Structure of LLoe Spectra,’* 1930. 
t Schrammen, ‘ Ann. Physik/ vol. 83, p. 1161 (1927). 
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An mtereBting obaervation earned out by Jenkins'*' supports the suggestion 
made here as to the origin of the fine structures. Jenkins compared the 
intensities of the satellites of XX 5461, 4358, 4078, 4047 in the spectrum 
emitted by two samples of mercury of different isotopic content. The two 
samples differed in atomic weight by 0*18 unit, from which fact he calculated 
that there was 20 per cent, more of the isotope 198 in the lighter sample than 
in the heavier, and 27 per cent, more of the isotope 204 in the heavier sample 
than in the lighter. In spite of this there was no appreciable change in the 
intensities of the satellites, which at first would seem to indicate that the 
satellites have not an isotopic origin. However, reference to Table VIII 
shows that in these two samples, the total amount of even isotopes is practically 
unchanged, and the odd isotopes are so centrally situated with reference both 
to the masses and abundances of the others, that very little change in their 
abundances would take place in the two samples. Hence since the ratios of 
the total even and the two odd isotopes are practically identical in the two 
oases, no variation in the intensities of the satellites is to be expected. 

The explanation offered here for the structures accounts for most of the 
difficulties. It gives seven components for the series, it accounts 

for the existence of common frequency differences in a sequence of terms, and 
it explains the apparent multiplicity of the 7 level. There are only two odd 
isotopes in mercury and two nuclear spins are demanded. The chief out¬ 
standing difficulty lies in the fact that there are two strong components in 
members of the series 7 — w ^Pi and 7 ®Si — w ^Pi whilst on this view 

only one would be expected. 


Summary. 

(1) Fine atructures of singlet and intercombination lines in mercury have 
been investigated in order to obtain information as to the structure of singlet 
terms. 

(2) By the use of a Fabry-Perot interferometer and a high frequency electrode" 
less discharge at a vapour pressure of 0*001 mm. it is considered that errors 
due to ghosts and reversal are eliminated. 

(3) The following structures have been foimd :-“7 — 8^Pi sextet, 

7 »So - 9 septet, 7 -- 8 ^P^ octet, 7 - 9 ^Pi septet, 6 ^P^ * 8 

quintet, 6 ^Pj — 9 triplet, 6 *Pi — 10 ^So doublet. Information as to the 
structures of the 7 ^Sq, 7 6 ^Pj. 8 ^Pj, 9 ^P^ levels has been obtamed 


* * Phys. Rt^v.; vol. 29, p. ,50 (1927). 
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(4) The structures found for *Pj lines necessitate more than one value 

of i and this conclusion is supported by the fact that the 7 ^8^ level is at least 
double, 

(5) The septet character of 7 — 8 can be accounted for by three 

values of i, one of which is zero, the other two both being greater than The 
zero value is probably associated with the even isotopes (I9b, 198, 200, 202, 
204) and the other two with the two odd isotopes (199, 201). This is an 
extension of the suggestion put forward by Schiller and Briick to account for 
the cadmium fine structures. 

(6) The H^Pj, 9^Pj terms, contrary to expectation, show a pair 

of common frequtmoy differences (ratio 3 : 2). It is shown that similar common 
differences are obtainable from experimental data given by other workers for 
mercury and cadmium. These differences, whilst equal in value probably do 
not involve identi(!al levels but may arise from isotopic level displacements. 

I wish to express niy deepest thanks to Professor W. E. Curtis for his 
encouragement and many helpful and valuable .suggestions during the progress 
of the work and th<i propfiration of the paper. This work was done during the 
tenure of the College Fellowship, Armstrong College, Newcastle-upon-Tyne. 
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The Elastic Scalteriivg of Slow Elextrom in Argon. 

By E. C. ButLARD, B.A., Denman Baynes Student, Clare College, Cambridge, 
and H. S. W. Massev, B.A., M.Sc., Trinity College, Cambridge, Aitchison 
Scholar, University of Melbourne. 

(Communicated by Sir Ernest Rutherford, F.R.8.—Received Docemher 22,1930.) 

1. Introduction .—The failure of classical mechanics to describe adequately 
the motion of electrons is perhaps best exemplified by the scattering of electrons 
by various fields of force. The experiments of Davisson and Germer,* G. P. 
Thomson,! KikuchiJ and Rupp,§ in which the scattering of electrons by 
crystals has been investigated, have shown that diffraction phenomena occ^ur 
analogous to the diffraction of X-rays. Similarly Rupp|| has shown that 
edectrons may be diffracted by a ruled grating and Mark and Wierl^ have 
recently obtaine<l Debye-Sclierrer diffraction rings by scattering eIe<3tron8 
from heavy molecuh*H. In the la>tU*r <iase tlie diffraction is due to the symmetry 
of the molecular structure. 

Thus electron scattering analogous to the diffraction of light has been 
observed in all these cases, but in the scattering of electrons by single atoms 
no effects analogous to the diffraction of light by small spheres have been 
obtained. However the investigations of Ramsauer** and others on the 
total absorbing cross-sections of atoms for slow electrons (2 to 30 volts) have 
shown that at these velocities a very peculiar variation of cross-section with 
velocity occurs. In particular for the rare gases a pronounced maximum and 
a minimum are observed. Now it is to be noticed that at these velocities the 
electron wave-length is of the order of the atomic diameter estimated classically, 
so appreciable diffraction effects might be expected. At much higher velocities 
the maxima and minima would be too close to resolve and the approximate 
theory of scattering due to Bornff predicts only a regular decrease of scattered 
intensity with angle for such cases (velocities of the order 100 volts for light 

♦ * Pjhys. Rev.,’ vol. 30, p. 705 (1927). 

t ‘ Free, Roy. Soc.,’ A, voL 117, p. 000 (1928), vol. 119, p. 051 (1928). 
t ‘ Jap. J. Phys./ vol, 5. p. 83 (1928). 

$ ‘ Ann. Physik; vol. 1, p. 801 (1929), voL 3, p. 497 (1929). 

II ‘ Z. Physik,’ vol. 52, p. 8 (1928). 
t ‘ NaturwlBB..’ vol. 18, p. 205 (1930). 

♦♦ KoUath, ‘ Physik Z,/ voL 31, p. 986 (1930). 
tt ‘ 2. Physik,* vol 38, p, 803 (1926). 
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atoms). This has been confirmed experimentally by Dymond.* To detect 
the maxima and minima it is necessary to investigate the scattering over a 
large angular range, whereas previous experimental work has been confined 
to small anglest (up to 60°), 

In order to investigate the scattering of slow electrons over a wide angular 
range and obtain further insight into the Ramsauer effect, experiments have 
been pt^rformed in which the angular distributions of slow electrons (velocities 
from 4 to 40 volts) scattered elastically in argon, have been measured over an 
angular range from 15° to 125°. Scattering curves have been obtained showing 
pronounced maxima and minima, which, at least for the higher voltages, are 
very similar to those representing the scattering of light by small spheres. 
It is important to realise, however, that the electron case is much more com¬ 
plicated owing to the great change of electron wave-length in the atomic field 
and the fact that the field doe^ not fall off discontinuously, so giving no 
definite atomic radius. Electron exchange phenomena also very much 
complicate the process. 

We now proceed to a more detailed account of the experiments and their 
interpretation. 

2. Descrifiim of the Apparatus .—^The apparatus waa similar to that used 
by Arnot (loc. dL). Electrons from a plain tungsten filament A (fig, 1a) were 
accelerated through a pair of slits B (4 X 1-5 mm.) and C (2 X 0-6 mm.), 
7 mm. apart, into an electrostatically shielded space containing gas at a few 
thousandths of a millimetre pressure. Electrons scattered in the region D 
could be collected by a Faraday cylinder E enclosed in a case carrying two 
slits F and G (2 x 0*6 mm.), 6 mm. apart, the front one being 7 mm. from the 
axis. The gun and Faraday cylinder were both carried on the same 4 cm. 
ground joint H, the Faraday cylinder being rotated on a 1 cm. ground joint J 
coaxial with this. This construction enabled the slits to be aligned on the 
axis of rotation of the Faraday cylinder before assembling the joint H. The 
gun and Faraday cylinder were made from copper foil, the joints being spot- 
welded together. The supports were of “ Staybrite ” steel in its non-magnetic 
state. The scattering space was enclosed by a copper shield K, the whole 
system being contained in a Pyrex bulb. 

Fig. 1b gives a diagrammatic representation of the geometrical arrangement 
of electron source and collector. It shows that the angular range of collection 

♦ ‘ Proo. Boy. Soc.,’ A, vol, 122, p. fi71 (1929). 

t Arnot, ‘ Proo. Roy. Soo.,’ A, vol. 25, p. 660 (1929); Hamwell, ‘ Phys. Rev./ vol 34, 
p. 061 (1929); Macmillan, ‘ Phys. Rev.,’ vol. 86, p. 1034 (1930), 
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Flo. 1 a.-—D iagrammatic Section of Apparatus. 



is about 10° though the actual range cannot be determined from purely geo¬ 
metrical considerations depending as it does on width and diffuseness of the 
main beam, etc. 

The electrical connections are shown in fig. Ic. Accelerating and retarding 
potentials could be applied between the collector and its case by a potential 
divider P. The total emission from the filament was measured by a milli- 
ammeter M, the current leaving the gun by a galvanometer G, and that 
collected by the Faraday cylinder by the rate of deflection of the electrometer 
Bl. The potential between the filament and the case of the gun was measured 
by a voltmeter V. X is a dry cell which was used to prevent the collection of 
positive ions, when working above the ionisation potential. 

A continuous flow of gas could be maintained through the apparatus, the 
gas entering through a very fine leak and being pumped away through a short 
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leugt>h of capillary. The pressure in the tube was measured by a McLeod 
gauge, and could be varied by varying the pressure in the reservoir. The 
argon was supplied by the British Oxygen Company as 99 per cent, pure, 
and was not further purified. 

It was found essential to bake the tube at about 400'' C. on pumping down 
after admitting air. Without this precaution the current collected by the 
Faraday cylinder without gas in the apparatus was comparable to tliat scattered 
by the gas and no reproducible results could be obtained. The rest of the 
glass work was baked with a Bunsen burner. 

3. Checks on the Working of the Apparatus .—It is necessary to show that the 
current collect(?d by the Faraday cylinder consists of electrons scattered by the 
gas from the main electron beam and retaining all their energy. The following 
tests show this to be so :— 

(а) With no gas in tJie apparatus tlie current collected was barely measurable 
except within 10'' on each side of th<5 main beam, and was never more than a 
few ptu cent, of that obtained with gas present at a pressure of a thousandth 
of a millimetre, 

(б) The collected cuiTcuit was proportional to the total current leaving the 
gun. Special attention was paid to this point and tests were made which showed 
the collected current to be accurately proportional to the total current in the 
main electron beam. Alterations in the gun reducing the stray current 
escaping through holes by a factor of 10, produced no difference in the results. 
The collected current is therefore derived from the main beam. 

(c) Except near the main beam, the collected current was proportional to 
the pressure over the range of pressures (1 to 2 X 10“® mm. Hg) used as is 
shown in fig. 2. It is therefore the result of single scattering in the gas. At 
angles below 40'' there was a departure from proportionality for pressures 
above 3 X lO"*® mm. Hg which is probably due to the onset of multiple scatter- 



Fio. 2.—Illustrating dependence of aoattered current on pressure at % volts. 
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ing. This would be exjiected at about this pressure, for the mean free path at 
8 volts as determined by Ramsauer {he, cit) is about 6 cm* at 3 x 10"* mm*Hg, 
and 20 per cent, of the electrons which would have been collected will therefore 
be deflected through an angle greater than the critical angle in Ramsauer's 
experiments. The proportion deflected through angles large enough to prevent 
collection will be rather less than this. 

(d) Retarding potential curves obtained by applying a retarding potential 
between the collector and its case showed the collected current to consist of 
two parts:— 

(1) A fairly homogeneous group having the full energy of the incident 
beam. 

(2) Electrons which have lost 25 to 100 per cent, of their energy. The 
latter, which were partly due to scattering of the main beam by shields 
and slits and partly to inelastic collisions with argon atoms, could be 
eliminated by a retarding potential of about 80 per cent, of the energy 
of the incident electrons. 

Examples of the retarding potential curves obtained are shown in fig. 3; 



Fio, 3.—Retarding potential curves. Dotted line indicates retarding potential used in 

experiment. 

the vertical dotted line shows the retarding potential used in the anguljar 
distribution investigation at the corresponding voltage. The absence of any 
kink due to the 11*6 volt resonance potential in argon is probably due to this 
level being metastable and so appreciably excited only by voltages very close 
to the excitation potential This has been found experimentally by various 
authors* and predicted theoretically by Oppenheimer.f 

* B. G. Dyimmd, ‘ Proo, Roy. Soc.,’ A, vol. 107, p. 291 (1926); W. C. ‘ PVs. 

Rev./ vol. 36, p, 1862 (1930), 
t * Phys, Rev.,* voL 82, p. 861 (1928). 

VOU OXXX.~A. 2 Q 
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It will be noticed that the retarding potential curves for 30-volt electron 
exhibit the peculiarity that the collected current in the region of 20 volts 
retarding potential appears to fall off with diminishing retarding potentials. 
This is due to secondary electron emission from the Faraday cylinder. The 
effect could doubtless be removed by the use of a more complicated Faraday 
cylinder, but for the present purpose this is not necessary as only the elastic 
scattering is being studicfl.* 



Fio, 4.—Soattaring curves for 8, 6 and 4 volts. 

{e) When the energy of the incident electrons was above the ionisation 
potential there was a large positive ion current to the collector, which at big 
angles was greater than the electron current. These ions could be completely 
stopped by a small positive potential applied to the case of the collector. 
This was tested by applying a retarding potential between the case and collector 
to stop electrons reaching the latter. Any positive ion current could then be 

* As it is clear that the electron beam is not very homogeneous at 4 volts, no great accuracy 
oaa be claimed for the scattering curves for such electrons, but the general form of the 
curves obtained is believed to be correct. 
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readily detected. By experiments below the ionisation potential, with and 
without the battery X (fig. lo), this battery was found to have no appreciable 
effect on the results. Actually 0-9 volt was used below 35 volts, and 4’6 
above. 

In order to determine the true accelerating voltage applied to the electron 
beam the ionisation potential of the gas was measured. This was done by 
arranging the conditions to be the beat possible for the collection of positive 



ions undisturbed by electrons. A retarding potential was applied between the 
case and collector to prevent the collection of electrons while the battery X 
was reversed, so applying a small negative potential to the collector case and 
facilitating the collection of positive ions. The experiment was performed 
with the Faraday cylinder set at 90°, as at this angle the positive ion current, 
owing to space charge effects, is a maximum.’'' The accelerating voltage of 
the main beam electrons was then varied until a positive ion current was 
received by the Faraday cylinder. A value of 15*6 ± 0*2 volt was obtained, 
agreeing well with the accepted value of 15*6 volts. This shows the o<mtaot 

* Vide P. L. Amoti ‘ Proo, Roy. Soc.,’ A, vol. 129, p. 361 (1930). 

2 Q 2 
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potential between the hlament and gun slits to be less than half a volt and so 
i nsufficient to disturb the voltage scale. 

4. Results .—To investigate the angular distribution, the retarding potentia 
was chosen so that only elastically reflected electrons were collected and read¬ 
ings of the current to the collector taken at 10° intervals. The beam used 
varied from 10"* to 10"® amperes according to the angle and velocity under 
investigation. The collected currents were of the order 10"^ amperes. The 
readings were reduced to a standard pressure and current in the beam, and the 
angular sero determined from the symmetry of the resulting plot. To obtain 
the true relative scattering per unit solid angle it is necessary to multiply 
the readings by the sine of the angle of scattering in order to allow for the 
variation in the volume of the space from which electrons can be scattered 
from the beam into the collector (see fig. 1 b). 

Examples of the curves so obtained are given in figs. 4, 6 and 6. For 6 volts 
points obtained on both sides of the main beam are given, exhibiting the 
symmetry. Table I gives the data from which figs. 7, 8 and 9 are plotted. 



The curves all ref^ to the same beam and pressure and are comparable if the 
effective collecting area of a slit is assumed independent of vdocxty.** 

* Owing to lack of space some of the ezperimeutal resutts obtained for smaU 
scattering are not plotted in the diagrams. 
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Table I, 


Angle 

'Vol^\ 

\ 

W 

23’ 

33’ 

48" 

1 

53’ 

1 

Cb 

0» 

o 

73’ 

83’ 

93’ 

103" 

113’ 

123’ 

128’ 

1 

40 

86 

45 

21 

1 

10*7 

2*5 

u-is 

0-95 

3*0 

4*55 

4*8 

3*6 

2-2 

.... 

30 

150 

92 

53 

26 

10 

i 1*6 

1*3 

50 

8*6 

10*4 

8*9 

6*2 


20 

183 

90 

77 

43 

18 

I 5-6 

30 

4*9 

8*1 

8*5 

7*9 

6*3 

— 

10 

190 

140 

87 

40 

25 

9-3 

6-5 

7*9 

9*6 

9*1 

7*8 

7*6 

8*9 

12 

170 

120 

81 

45 

29 

19 

17 

15 

12 

8*8 

5*8 

7*6 

12 

10 

187 

105 

63 

39 

27 

22 

20 

7*7 

14*3 

8*8 

6*1 

6*7 

— 

8 

520 

270 

78 

52 

38 

34 

32 

25 

19 

14 

10 

11 

16 

0 

09 

33 

28 

27 

28 

29 

31 

27 

20 

14 

8*4 

7*7 

10*4 

4 


20 

19 

20 

22 

22 

20 

17 

15 

11 

S 

6*6 



Ab has been observed by the other workers, at the higher voltages there is 
a rapid fall of scattered intensity with increasing angle at small angles. This 
fall becomes less rapid at the lower voltages as would be expected on general 
grounds. However the most interesting features of the results appear at large 
angles. In all cases maxima and minima are observed, the positions and 
magnitudes of which vary steadily with the velocity of the incident electrons. 

To obtain the total scattering per unit angle the results of figs. 4, 5 and 6 
must be agam multiplied by the sine of the angle of scattering. Some of the 
results so obtained are shown in fig. 7. The curves have been extrapolated to 



Fio. 7.— Illustrating variation of cross section with velocity. Areas of curves 
proportional to total cross section at velocity indicated. 

pass through the origin. By integrating these curves we may get the total 
■Batt ering between any two angles ; the total scattering in the range 0° to 
120* oaloulated in this way is shown in filg. 8. 
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Kamsauer and others (Zoc. oit.) have studied the total scattering as a function 
of the velocity. Ramsauer’s curve for argon is shown in fig. 8 for comparison. 



Fio. a ,—Total crosa aeotions obtained by integration of angular Mcattering ourvea. 

There is a general similarity between this and our 0® to 120'’ curve. Exact 
agreement would not be expected since— 

(1) We have not included electrons scattered between 120° and 180°; 

(2) There is some uncertainty about the extrapolation to zero angle of 
scattering; 

(3) Bamsauei’s curve includes electrons scattered inelastically ; 

(4) We have assumed the effective collecting area of a slit to be independent 
of velocity of the incident electrons. 

From fig. 7 it may be clearly seen that the reason for the maximum cross 
section observed at 13 volts is that electrons of higher velocity are scattered 
to a less extent at large angles while those of smaller velocity are scattered 
less at small angles. 

5. Discussion .—It will be seen that the higher voltage curves exhibit general 
similarity to those representing the intensity of light scattering from small 
spheres. That this analogy may be of some significance can be seen from 
the fact that the argon atom is spherically symmetrical and has a field of force 
with a relatively sharp boundary. That the dectron wave>length8 used (of 
the order 2 A.U.) are comparable with the radius of the argon atoon (2*6 A.t7.) 


589 


Elastic Soaltsring of Slow Electrons in Argon. 

alao fits in with this. However, the analogy must not be pushed too far as the 
electron wave-length varies very rapidly in the region of the atom thus 
rendering necessary a more detailed treatment. 

The simplest method of treating scattering in quantum mechanics is due to 
Born.*** This theory virtually assumes the distortion of the incident wave by 
the scattering field to be small and as a consequence is not valid for low 
velocities. The theory has to be extended in several directions, viz.:— 

(а) To obtain (correct formulae for the scattering of slow electrons by a static 
field, 

(б) To allow for interchange between atomic and colliding electrons. 

(c) To include the distortion of the atomic field due to the colliding electrons, 
polarisation and inelastic collisions. The complete theory must 
include interaction between elastic and inelastic collisions. 

Faxen and Holtsmarkf have developed a method of treating the first of 
these. The metliod is tedious to work out and leads to an oscillating series 
for the angular distribution. However, HoltsmarkJ lias successfully calculated 
the total cross sections for argon, and in later unpublished work, which he has 
kindly communicated to us, has made preliminary calculations of the angular 
distributions for fi. 12 and 30 volt electrons. These agree well with our 
experimental curv(»s, but owing to the slow convergence of the series too 
much reliance cannot be placed on tliis agreement until the calculations have 
been extended. 

The effect of electron exchange has been considered by ()ppenheimer§ in 
a qualitative way, and he shows tliat for closed shells maxima and minima 
might be expected due to interference of the electron waves representing the 
scattered incident particle and electrons eject^^d by interchange from the atom. 
Such interference effects occur in the scattering of a-particles by helium.|| 
As Oppenheimer's theory can be worked out for simple atoms only, it is 
necessary to extend the above experiments to helium to distinguish Oppen- 
heimer^s theory from Faxen and Holtsmark’s as an explanation of the angular 
distributions. 

♦ * Z. Physik; vol. 88, p. 803 (1926). 

t ‘ Z. Physik,* voL 46, p. 807 (1927), 

$ ‘ Z. Physik,* vol. 65, p. 437 (1928). 

§ * Phya. Eev.,’ vol. 82, p. 361 (1928). 

II N, Mott, * Proo. Roy, Soc.,’ A, vol. 126, p. 269 (1930); Chadwick,' Proc. Roy. Soc,/ 
A, vol. 128, p. 114 (1980); Blaokott and Champion, ‘ Proo. Roy, Soo.,’ A, vol. 180, p. 380 
(1931). 
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With regard to polarisation, Holtsmark'*' has taken it into account in an 
approximate manner by modifying the statio held used. As the polarisation 
will almost certainly increase with decrease of velocity this will affect the 
6-voIt curve to a greater extent than the higher voltage ones and due allowance 
must be made for this in any theory. 

It is clear that much remains to be done in order to understand the above 
phenomena completely, and the work is to be extended to larger angles, higher 
velocities (to ascertain when the peaks disappear) and to other gases '(in 
particular the other rare gases). Further theoretical calculations are in 
progress also. 

In conclusion we wish to express our indebtedness to Sir Ernest Rutherford 
for liis advice and encouragement and also to Mr. P. M. S. Blackett and Dr. 
M. L. £. Oliphant for much discussion and many valuable suggestions. One 
of us (E.C.B.) is indebted to the Department of Scientific and Industrial 
Research for a grant. 

Summary. 

The angular distribution of slow electrons scattered elastically in argon has 
been investigated over a wide angular range (from 16° to 126°). Scattering 
curves have been obtained for 4, 6, 8, 10, 12, 16, 20, 30 and 40 volt electrons. 
All exhibit maxima and minima analogous to those occurring in the scattering 
of light by small spherical obstacles. These results are described and their 
bearing on the Bamsauer effect and the quantum theory of scattering discussed. 


♦ * Z. Physik,* rol 52, p. 486 (1920). 



591 


The Photosensitised Decomposition of Nitrogen Trichloride .— 

Parti. 

By John G. A. Griffiths and Ronald G. W. Norrish, 
(Communicated by T. M. Lowry, F.R.S.—Received December 12, 1930.) 

The present work is introductory to a detailed study of the nature of the 
induction period of the photochemical reaction between hydrogen and chlorine. 
Wliatever the mechanism finally adopted for this process, it is essential that 
it should admit of a clear interpretation of the remarkable inliibition exerted 
by small traces of ammonia or nitrogen trichloride ; conversely, if the full 
details of this inhibition be thoroughly understood there seems a possibility 
that they will yield valuable evidence as to the nature of the photochemical 
union of hydrogen and chlorine. 

As is well known Burgess and Chapman* * * § traced the cause of the induction 
period to the existence of ammoniacal impurities in the water of the actino- 
meier, and by special purification they were able to eliminate the inhibition 
almost completely ; further, artificial induction periods were produced by the 
addition of small quantities of ammonia solution to the actinometer. The 
intense nature of the inhibition is shown by an interesting calculation of 
Chapman,! shows that one part of nitrogen trichloride in 10® parts of 
hydrogen and chlorine cuts down the rate of formation of hydrogen chloride 
by 100 times. By a different technique, in which water was eliminated from 
the reaction system, Norrish! discovered that the length of the induction 
period is directly proportional to the weight of ammonia added to the reaction 
mixture of hydrogen and chlorine, and the sharpness of the onset of the photo¬ 
chemical reaction at the end of the period of induction is well characterised 
by the Draper effect, as shown in one of his curves which is reproduced in 

fig. 1. 

Chapman and McMahon§ pointed out that chlorine reacts with ammonia 
to produce nitrogen trichloride, and they found that this substance was one 
of the most effective inhibitors. There is little doubt therefore that the action 
of ammonia is due to the subsequent formation of nitrogen trichloride when it is 

* ‘ J. Ohem. Soo./ voL 89, p. 1399 (1906). 

t * Science ProgreBs,* vol. 7, p. 72 (1912). 

t * J. Chem. Soc.,» vol. 127, p. 2323 (1925). 

§ ‘ J. Chem. Boo.,* voL 96, p. 1717 (1909); vol. 97, p. 847 (1910). 
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mixed with the chlorine, a conclusion which is fully borne out by the results 
of the present investigation. 



In our preliminary experiments, using a modification of the technique 
employed by Norrish (ioc, dt,), it was observed that a small continuous rise 
of pressure occurred during the period of inhibition (fig. 2). This change is 



Fia. 2. 


definitely distinct from the almost instantaneous small rise of pressure (Budde 
effect) which occurs when chlorine is first illuminated and also from the larger 
increase of pressure (Draper effect) which marks the conclusion to the induction 
period.* The effect was attributed to the decomposition of the nitrogen tri¬ 
chloride during the induction period, Jiccording to the equation 

2NCla == Ng + aCl^. 


^ The dififereuoe in magnitude of the Draper eifects reoorded in the two figures is due 
to the much greater light intensity used in the earlier work whore the full light of the 
merouiy vapour lamp placed close to the reaction vessel was employed. The original 
pressure gauge was much less sensitive than that used in the present work, and this 
accounts for the failure to observe the small increase of pressure during the induction 
period. 
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Subsequent results, as will appear, have fully confirmed this view and exclude 
any possibility of coimecting the induction period with the presence of dry 
ammonium chloride. This is in accord witli the result of Noyes and Haw* 
who found that dry chlorine and dry anmionium chloride do not interact. 

It was subsequently found that regular pressure increases of exactly the 
same magnitude were obtained when the hydrogen was omitted from the 
reaction system, and the spcMjd with which they were attained was directly 
proportional to the quantity of light absorbed by the chlorine. We thus have 
to deal with a photochemical reaction sensitised by chlorine. Experiments 
indicatoJ that the region of photochemical activity was confined to the blue 
and ultra-violet parts of the spectrum since no effect was observtid with yellow 
(579 or green (546 (x[i.) light. In addition the change obeys with remark¬ 
able fidelity a zero molecular law with respect to the nitrogen trichloride. The 
final stage of the reaction was marked by an almost explosive increase of 
pressure, followed by an equally rapid decrease, after which the pressure 
remained constant (see fig. 5, p. 602). This semi-explosive termination of the 
reaction constitutes one of its most puzzling features ; it is more marked and 
distinct at low total pressures than at liigh, while its magnitude seems at least 
qualitatively to be proportional to the intensity of the light. 

Measurements of the quantum efficiency with homogeneous light of wave¬ 
lengths 365 and 436 were made, the values obtained depending markedly 
on the total pressure of chlorine. At low pressures as many as 20 molecules 
of nitrogen trichloride were decomposed per quantum, whihs at high pressures 
the efficiency fell to a limiting value in the neighbourhood of 2. The deoom- 
position thus apparently occurs by way of a chain reaction, the length of the 
reaction chains being limited by the total pressure of chlorine in the system. 
In Part II the study has been extended to include the effect of inert gases, 
with analogous results, the bearing of which will be considered later. 

The Forniaiim of NUrogen TnchMde front Chhrimn 
and Ammonia, 

The mixtures of chlorine and nitrogen trichloride were prepared by rapidly 
adding excess of dry chlorine to dry gaseous ammonia in a mixing chamber 
from which all light was excluded. Under these conditions a cloud of ammonium 
chloride was formed which settled out on the walls of the vessel, and the result¬ 
ing mixture of chlorine and nitrogen trichloride could be stored for a period of 
several days without much decomposition. The ideal equation for the reaction 
♦ ‘ J. Amer. Chem. Soc./ vol 42, p. 2167 (1920). 
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is given by Noyes and Haw (he, oU.), who showed that when anhydrous 
anunoiua and chlorine interact at —90° C. three molecules of ammoniuin 
chloride are formed for every four molecules of ammonia employed: 

4NH3 + 3 CIa = SNHaO + Naj. 

It is necessary to examine in detail the validity of this equation. 

Under the conditions of mixing the dry gasies at atmospheric temperature we 
generally found a small deficiency of nitrogen chloride, pointing to its partial 
decomposition. Further if more than a limiting pressure of ca. 25 mm. of 
ammonia was used, the mixing of the gases was accompanied by a sharp click, 
and no nitrogen trichloride was obtained, although the usual cloud of ammonium 
chloride was produced. A similar result was obtained if the order of mixing was 
reversed and the ammonia gas added to the chlorine; here again ammonium 
chloride was deposited but no nitrogen trichloride was formed, and chlorine so 
tremted showed no induction period when mixed with hydrogen and irradiated. 
It seems clear that when the gaseous concentration of the nitrogen trichloride 
exceeds a certain limit during its formation, it explodes to give a mixture of 
chlorine and nitrogen, products which, of course, woidd not effect the inhibition 
of the hydrogen-chlorine reaction 

2NCls = N, + Sa,. 

That the product obtained was nitrogen trichloride and not other chlorinated 
ammonias is supported by the work of Gattermann,* who showed that when 
partially chlorinated ammonias are produced by the action of chlorine on 
solutions of ammonia or ammonium chloride they are decomposed by excess 
of chlorine into nitrogen chloride and ammonium chloride, and since in our 
work the ratio of chlorine to ammonia was never less than 80 : 24 and usually 
many times greater, this condition was amply fulfilled. In addition to the work 
of Noyes and Haw cited above we also have the observations of Marckwald 
and Willef who found that dry chloroamine (NH,C1) decomposes at so low 
a temperature as —50° into nitrogen, chlorine, nitrogen trichloride, and 
ammonium chloride. 

The evidence from other investigations did not, however, completely exclude 
the possibility that the observed effects might be due to diohloroamine which 
might be supposed to decompose in light according to the equation; 

2NHC18 *= Ng -f- Cl, -1- 2HC1, 

or in some other reaction involving the production of ammonium chloride. 

* ' Ber. Deuts. Chem. Qes.,* vol. 21, p. 751 (1888). 
t * Ber. Deuts. Chem. Q«s„* vol. 66, p. 1319 (1923). 
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This poBaibility is, nevertheless, ruled out by the fact that no acidity could 
be found in the gaseous products of irradiation, although the method used was 
easily sensitive to the detection of 2 X 10"*^ g. mol. of hydrogen chloride.* 
In addition, no traces of ammonium chloride were produced on the walls of 
the photo-reaction vessel as a result of the photo-decomposition. 

Since, therefore, nitrogen trichloride is the only chlorinated ammonia obtained 
by adding excess of chlorine to dry ammonia at room temperature, one-half 
of the increase of pressure resulting from irradiation of the resulting mixture 
should be due to the production of nitrogen according to the reaction, 


2NC18 - Ng + 3Cla. 

and, also, any observed deficiency in the yield of nitrogen chloride, calculated 
from the equation of Noyes and Haw, should be represented by nitrogen pro¬ 
duced in accordance with the above equation. 

These conclusions were verified by the observation that the mixture of 
nitrogen trichloride and chlorine contained, before irradiation, a small quantity 
of a gas (nitrogen) which could not be condensed in a small side tube of the 
reaction vessel by means of liquid air, and the pressure of this gas was very nearly 
that which would be expected if the observed deficiency of nitrogen trichloride 
was due to decomposition during preparation. Moreover, one-half of the 
increase of pressure, developed during the irradiation experiments, was found 
to be due to a gas (nitrogen) which could not be condensed in liquid air. 

As an example, in one experiment, 74-6 mm. of reactive mixture, 3 days 
after preparation, and calculated, by means of the equation of Noyes and Haw, 
to contain 0*946 mm. of nitrogen trichloride, contained 0*325 mm. of nitrogen, 
and on illumination of the mixture the pressure increased by 0*40 mm., of 
which almost half, 0*21 mm,, was due to nitrogen. Therefore, in the 3 days 
(0*946 — 0*40) = 0*546 mm. of nitrogen trichloride had decomposed. This 
should have yielded 0*273 mm, of nitrogen. The observed value was 0*325 
mm., which is satisfactory in view of the experimental difficulties. 

It may therefore be stated definitely, in view of this additional evidence, 

* The deteraination of small quantities of hydrogen chloride in the presence of chlorine 
was carried out by evacuating the reaction vessel through a tube cooled in liquid air 
whereby the chlorine and hydrogen chloride were frosseu out. The condensate was than 
treated with of potassiuoi iodide and the iodine liberated was exactly titrated with 
sodium thikMiulphate, starch being the indicator. Any residual acidity could then be 
determined by estimating the iodine set 6ree on adding excess of potassium iodate. Tread- 
weU and Hafl, ‘ Aaalytioal Chemktry,’ p. 670 (1919)). 
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that nitrogen trichloride is the only cldorinated ammonia obtained by adding 
excess of chlorine to ammonia under our experimental conditions. 

Expebjmental. 

A general plan of the apparatus used is shown in fig. 3. Pure dry ammonia 
gas was stored in the globe A over quicklime, its total pressure being registered 
by the mercury manometer Mj. Chlorine was stored in a liquid air trap, and 
<^ould be admitted by the tap N^. The mixing of chlorine and ammonia was 



imrried out in the mixing chamber C, and the chlorine charged with nitrogen 
trichloride was stored there till required. Irradiation was carried out in the 
reaction vessel R—a flattened bulb of 75 c.c. capacity and with approxi- 
mately plane faces—situated in the light beam furnished by tlie optical system 
described below. 

This technique eliminated the deposition of the ammonium chloride on the 
walls of the photo-reaction vessel, R, where such a substance would interfere 
with the measurement of the intensity of light transmitted by the vessel and 
received on the face of the thermopile, H. 

Total pressures in C and R, and also the small pressure changes in R due to 
irradiation, were measured by means of the Bourdon gauge B, which was o<m* 
nected with the reaction vessel R by way of the ground glass joint G and 
capillary tubing of 1 mm. bore. The temperature of the gauge and the 
reaction vessel was regulated to 25° ± 0*01° 0. by pamping water inm an 
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electrically controlled thermostat to a cisU^rn with a constant level device; 
from this the water flowed back to the thermostat in two streams, one through 
the outer jacket of the gauge, and the other through the glass tank W which 
aerved as a bath for the reaction vessel. The apparatus could be evacuated 
by a water pump or the “ hyvac pump via Nj. 

The Bourdon gauge was used in conjunction with a travelling microscope 
by means of which deflections of the pointer could be read, giving an accuracy 
in the meitsurenient of small changes of pressure of 0*002 mm. Hg. The gauge 
was calibrated against a mercury manometer as described by Norrish {loc. cit.). 
Its deflection was found to be linear over a range of pressures of 10 mm. In 
using the instrument by the null method, the pressure of air in the outer jacket 
was controlled by the tap Pj which communicated both with the atmosphere 
and a filter pump through appropriate drying tubes, the total pressure being 
read on the vertical mercury manometer Mj. 

Materiahi. 

(Jhloririe was prepared by the interaction of pure hydrochloric acid and 
potassium permanganate. The gas was washed with water, dried with 
phosphoric oxide and was then collected and stored in a liquid air trap. Since 
liquid chlorine dissolves air, the first fraction was allowed to boil off under 
vmmum until the yellow liquid ceased to bump, 

Armrumia was prepared by warming recrystallised A,R. grade ammonium 
chloride with pure sodium hydroxide solution. The gas was dried with soda 
lime and collected in a liquid air trap. The ammonia was allowed to evaporate 
slowly, and the middle fraction was collected for storage in the previously 
evacuated litre globe, A, to which was attached a bulb of quicklime. Analysis 
of a sample of the gas showed that it contained less than 0*1 per cent, of gases 
uuabsorbable by hydrochloric acid, and moreover, at a pressure of 100 mm, 
the ammonia did not react with phosphoric oxide. 

Pfepataiion and Storage of Mixtures of Nitrogen Trichloride and ChUrtim. 

In the tetihniquo finally adopted, 15 to 24 mm. of ammonia were admitted 
to the previously evacuated store vessel C, of about 200 c.c. capacity, via 
taps T^ and T,, the Bourdon gauge being used as a null instrument. The 
ammonia in the connecting tubes between taps Tg and T^ was then pumped 
out via Tg and Nj, tap Tg was closed, and and Tg were opened. The chlorine 
was next allowed to warm up until its vapour pressure was about 100 mm., 
tap T| was then opened for 2^3 seconds so that gas entered the globe C with 
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a rush. (The yield of nitrogen chloride was foiind to be low if the chlorine 
was added slowly.) Tap Tg was opened cantioualy and aJr was admitted to 
the outer part of gauge B to balance the pressure of the chlorine in C. More 
chlorine, as desired, was then added slowly to C, via tap Tg. The inner and 
outer parts of the gauge and the connecting tube wore then evacuated com* 
pletely through Pj, Pg and Nj. 

It was noticed that all of the nitrogen trichloride from a preparation was 
decomposed in the course of 24 hours when the store vessel C was clean, but 
when the inside had become coated with solid ammonium chloride after several 
preparations the nitrogen trichloride persisted for as long as a week. It was 
further found, contrary to our expectations based on the conclusions of previous 
investigations,* that the mixtures of nitrogen trichloride and chlorine could be 
passed through taps lubricated with rubber-free vacuum grease without 
appreciable decomposition of the chloride. It seems probable that slight 
chlorination of the tap grease decreases its power of decomposing the nitrogen 
trichloride, and further that the great dilution of the latter by chlorine so 
lowers its speed of didusion to the grease as to confer a large measure of 
protection. 

The Optical System. 

The source of light was a 3000-o.p. quartz mercury vapour lamp run at a 
constant burner voltage of 150 volts from a storage battery of 220 volts and 
coDBuming a current of 4 amps. Under these conditions, the intensity of the 
light did not vary by more than 1 ■ 5 per cent, from the mean during the course 
of the day. The radiation was brought into a narrow beam by means of a 
system of lenses and stops and then passed through the reaction vessel R 
(fig. 3), finally being focussed so that nearly the whole of the light field fdl 
directly on the blackened face of a Moll thermopile (H), the rest being reflected 
on to the elements by the conical reflector (see below). The intensity of the 
radiation was controlled by the iris diaphragm in the screen immediately in 
front of the lamp. 

Homogeneous radiations of wave-lengths 365 pix and 436 pp. were obtained 
by placing the appropriate colour filters described by Norririit in the path of 
the light at F (fig. 3), the heat rays being excluded by a layer of 6 per cent, 
copper sulphate solution, 3 cm. thick. 

The thermopile (H) was connected with a Broca galvanometer of resistance 

* t.g. Porret, ‘ NiohokKm’s J.,’ voL 84, pp. 180,270 (1818). 
t ‘ J. Chem. Soo.,' p. 1168 (1920). 
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50*5 ohms, a soft iron cylinder being used to shield the galvanometer fn»n 
extenml magnetic fields. 

During the course of the day, the zero of the galvanometer changed con¬ 
siderably. This effect was eventually traced to the variation of B.M.F. 
generated owing to the back of the thermopile being at room temperature, 
which gradually increased, and the funnel being at an approzimately constant 
temperature as a result of proximity to the water jacket W. The E.M.F. was 
coimterbalanced by including in the galvanometer circuit a small variable 
potential difference provided by means of a copper wire, L, fig. 3, of low 
resistance. This wire was also in circuit with an accumulator and a high 
resistance, which was varied so that the galvanometer mirror was maintained 
at zero deflection when no light fell on the face of the thermopile. 

Calibration of Thermopile. 

The thermopile, from which the funnel had been removed, was calibrated 
by means of a carbon filament lamp previously standardised by the National 
Physical Liaboratory. The conditions specified for the use of the lamp in 
these determinations were adhered to accurately and it was found that 1 cm. 
deflection of the galvanometer is equivalent to a flux of 2*485 x 10* ergs 
per second on the circular aperture of the thermopile. It was verified by 
means of subsidiary calibrations with an internally electrically heated Leslie 
cube that the sensitivity of the galvanometer-thermopile system did not vary 
during the course of the research. 

Correotione in the Measurement of Light Intensity. 

(1) Since it is required to know the light intensity which enters and leaves 
the gas system, oorreotionB must be made for reflection and absorption of 
light by the back faces of the reaction vessel B and the thermostat bath W. 
These corrections were obtained directly by finding the reduction of intensity 
suffered by the light beam when the reaction vessel and bath were interposed. 
From the measurements obtained, a comparison with the theoretical expression 
for light reflection made possible an evaluation of the light absorbed by each 
glass wall. In this way, taking the refractive index of the glass as 1*54 and 
using the equation 

R == (w - l)*/(n + 1)* 

for the fraction of light reflected, it was found that the back wall of the reaction 
vessel wh«i hnmersed in water reflected 6*0 per cent, and absorbed 9*0 per 
cent, of the incident light of wave-length 365 pp, while the back wall of the 
vot. oxxx.—A. 2 R 
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water bath reflected 5 • 0 per cent, and absorbed 3 * 9 per cent* These corrections 
combine to one factor 1 * 27 by which the light flux on the thermopile must be 
multipUed to give the true flux emei^ent from the reacting gas system. The 
corresponding figures for blue light of 436 were for the back face of the 
reaction vessel 5 per cent, reflected and 4*7 per cent, absorbed, and for the 
back face of the water bath 5 per cent, reflected and 3 per cent, absorbed, 
which combine to the factor I • 20, 

(2) It did not appear possible, except by means of a large and therefore 
impracticable defjrcase of light flux, to limit the dimensions of the incident 
light beam so that the whole of the light transmitted by the reaction vessel 
system would fall directly on the elements of the thermopile. Therefore 
reliance had to be placed on the efficiency of the metal funnel in reflecting on 
to the thermopile elements the small annular portion of the light field which 
fell beyond the confines of the elements. As is well known, the reflecting power 
of metals for light of short wave-lengths is small It was found by observing 
deflections of the galvanometer when the thermopile (with and without the 
funnel) was at suitable positions along a converging beam of light, that the 
funnel reflected only 20 per cent, of the incident blue or ultra-violet light. 
I^herefore, only 20 per v.exit. of the flux in the annular portion of the light beam 
referred to above was reflected on to the elements of the thermopile. A 
rnf*asure of the flux reflected by the funnel was given by the decrease in the 
deflection of the galvanometer resulting from the removal of the funnel, and 
hence the light flux falling on the fimnel was given by this decrease increased 
in the ratio 100 : 20. 

The general factor loi* increasing the measured value of the light flux to 
the true light flux was therefore obtained by evaluating the products of the 
appropriate factors determined under (1) and (2) above. In this way the final 
correcting factors i*48 for ultra-violet (366 pjx) light and 1*40 for the blue 
(436 (X(i) light were obtained. 

Procedure duriug an BxperirnenL 

Subject to the corrections described in the last section, the total flux of 
light was measured in terms of the steady galvanometer deflection produced 
when the shutter in front of the iris diaphragm was opened. To obtain the 
total absorption by the reactants, readings were made with the reaction vessel 
empty, both before and after the experiment. Prom the mean of these valuiSB 
was subtracted the light transmitted by the chlorine in the reaction vessel, 
after the nitrogen trichloride had been decomposed. Comparative experiments 
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showed that there was no detectable absorption by the nitrogen trichloride 
itseU. 

After the reaction vessel was filled, the chlorine very slowly attacked the 
rubber-free tap grease* of the various taps with which it was in communication, 
but after about 30 minutes, or much less for low chlorine pressures, the rate of 
fall of pre8S\ire due to this cause became very small and regular and could be 
allowed for accurately when calculating results. When the system had 
settled down in this way, the shutter was opened and the exposure com¬ 
menced, the pressure being read at short intervals of time by following the 
pointer of the gauge by means of tlie travelling microscope. When the 
decomposition of the nitrogen trichloride was complete, the light transmitted 
by the reaction vessel and contents was detennined as described above. 

From the meaHurement of absorption of light obtained iw the various experi¬ 
ments recorfled below. Table 1. the curves shown in fig. 4 were constructed, 



* The tap lubricant was a preparation of pure high boiling-point hydiuoarbona 
supplied by the Shell Max Co. under the name of Apiezon Grease ** L/’ The very alow 
absorption of chlorine by this lubricant is possibly connected with the presence of some 
unsatnmted hydrocarbon, and does not greatly affect its physical ohamoter. No 
irregularities were noticed in the present work as a result of its use. 


2 H 2 
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in wliioh log I/Iq is plotted against the chlorine pressure. It is seen that the 
straight lines for homogeneous radiation of wave-lengths 436 and 366 (xp, pass 
through the corresponding experimentally determined points. From the 
slopes of these lines and a knowledge of the internal depth of the reaction 
vessel (3 *6 cm.), values of the molecular extinction coefficient, c, of chlorine 
have been calculated. In this way, it is found that c = 27*2 and 1-647 for 
X = 366 and 436 fx[i, respectively. These results are in good agreement with 
those of von Halban and Siedentopf* who give the corresponding values 
£ = 27-17 and 1-636. 

Results, 

The types of the curves showing the decomposition of nitrogen trichloride 
in chlorine at various pressures are shown in fig. 5. They are identical both for 
blue light of 436 (xp, and ultra-violet light of 366 pp. After an initial rapid 
pressure rise the zero order of the reaction persisted practically to the end of 
the decomposition, the latter being signalised by a rapid kick of the gauge 
pointer due to some final explosive effect in the reacting mixture (Curve 1, 
fig. 6). The initial rapid increase of pressure was found to be identical with 
the Budde effect in pure chlorine at the same pressure, and is therefore attri¬ 
buted to the same cause. A fall of pressure of the same magnitude was 
observed when the shutter admitting the light to the reaction vessel was closed 
at the end of the decomposition. 



♦ ‘ Z. Physik. Ohern,,* vol 108, p. 80 (1022). 
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The Find Rapid Reaction. 

The sharpness of the final explosion decreased greatiij with increasing pressure 
of chlorine (see Carre U, fig. 5) an effect which suggested that its sharpness 
was controlled by the speed of diffusion of nitrogen trichloride molecules into 
the light beam. Thus if, as seems indicated, the explosion only occurs when 
the pressure of the nitrogen trichloride falls below some small limiting value 
in the light beam, the slowness of diffusion of the trichloride at high total 
pressures from the dark parts of the reaction vessel to the beam of light might 
permit of a series of incipient explosions which would be continually quenched 
by the intrusion of fresh nitrogen trichloride. This effect would not be observed 
at low total pressures, where the speed of diffusion of the nitrogen trichloride 
would be high enough to maintain the pressure of nitrogen trichloride in the 
bght beam above the critical inhibiting value to a much later stage in the 
reaction. This view is borne out by the fact that in some cases with moderate 
pressures of chlorine, explosions showing two or sometimes three peaks were 
obtained (Curve III), suggesting a periodic reaction limited by " diffusion 
waves ” from the dark parts of the vessel. 

If, as in the case of Curve IV, the initial pressure of nitrogen trichloride was 
less than the limiting value for the explosive reaction this ensued immediately 
on irradiating the mixture, there being no slow reaction as in the case of Curve 
II with which Curve IV is directly comparable. 

It was at first thought that this explosive termination to the reaction might 
be explained by the presence of small quantities of hydrogen, which upon the 
removal of the nitrogen trichloride detonated in the usual manner with 
the chlorine. This possibility was eliminated by repeated purification of the 
chlorine and ammonia, and by removal of all access of hydrogen to the 
apparatus. The magnitude of the explosive effect was entirely independent 
of the amounts of nitrogen trichloride used, and thus could not be due to 
hydrogen derived in some way from the decomposition of the ammonia. 

Moreover, when all of the nitrogen trichloride in a mixture had decomposed 
as a result of long storage in the mixing vessel, the remaining gases did not 
react in any way on exposure to light. If hydrogen had been present, suoh 
irradiation would have led to an explosive reaction resulting in the production 
of hydrogen chloride, besides no traces of add could be detected. 

Therefore it may be concluded that the explosive termination of the photo- 
sensitised decomposition of nitrogen trichloride is a characteristic property 
of the reaction. 



J. G. A. Griffiths and R. G. W, Norrish. 


C04 


The Qtiantum Efficiency of the Reaclwn. 

If Puci, nim. of nitrogen trichloride are decomposed in T seconds, and 
-d [NOlgi/dt is the number of moleculeH decomposed per second, then, sincje 
the reaction is of strictly zero molecular order, it follows that the slope, 
PncIs/T, of the pressure-time curve is given by 

PnWT- ^*^d[NC?l3]/A, (1) 

where k is determined by the volume of the reaction vessel (7b c.c.) and the 
pressure gauge (4 c.c.) and has the value ‘1*88 X Moreover, it was 

found that these sloptis, for any one pressure of chlorine, were directly 
proportional to the light absorbed over a fourfold variation of intensity, as 
is shown by the straight lines in fig. 8, where light flux absorbed is plotted 
against rate of decomposition of nitrogen chloride. 



Further, if l%b8, is the light flux absorbed, measured in quanta per second, 
and Y is quantum efficiency, then 


‘ dl. 

and hence from equation (1) above 


1 


h, 


'ab«. 


( 2 ) 


_ slope of curve I 


( 3 ) 
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The data are recorded in Tables I (a) 

and (h). 

In columns 3 and 4 

are tabulated, in terms of observed deflection of 

the galvanometer, the 

tmoorrected incident 

and absorbed light 

iuxes. 

jrtbK. is calculated from 
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these with the aid of the light dux corrections and galvouometer calibration 
described above. y,ta. is evaluated by means of equation (3). 

It was also found that the quantum efficiency was inversely proportional 
to the pressure of chlorine, as is shown by the straight line obtained when y 
is plotted against 1/Pci, (fig* 7)* 



The quantum efficiency, y, is therefore given by the equation 

y = kJPci, + ij, (4) 

where hi determined by the slope of the line in fig. 7 and ki is the intercept 
of the line on the axis of y. In this way it was found that as 263 or 1/0*0038 
and ibi» 2*5 both for blue and ultra-violet light, so that equation (4) becomes 

ajod is valid for light wave-lengths of 436 and 365 The values of 
in Table I are caloulated from this equation which is plotted accurately in 
fig, 8, and the degree to which the experimental determinations conform to it 
may be gathered from the distribution of points along the curve. The quantum 
efficiency thus vanes from high values at low chlorine pressure, to a Hmiting 
value in the neighbourhood of 2 when the pressure is increased, and in addition 
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to its positive photosensitive action we most therefore ascribe to the ohlorine 
an inhibiting effect proportional to its pressure. 



CortcUmons. 

The foregoing experimental results establish the following facts:— 

( 1 ) When chlorine containing small quantities (up to 3 mm.l of nitrogen 
trichloride is illuminated by light of wave-length 436 or 366 pp, the latter 
substance is decomposed in a strictly zero order reaction by the photosensitive 
action of the chlorine. 

(2) The quantum efficiency is the same for blue light of X = 3 ; 436 (zp, as 
for ultra-violet light of X = 365 pp. It reaches high values (up to y = 20) 
for low pressures of ohlorine and falls hyperbolically to a linutang value of 
Y = 2'5 as the pressure of ohlorine is increased. A chain reaction of some 
sort therefore appears to be indicated, the length of chain being shorter the 
greater the pressure of ohlorine. 

(3) The reaction is terminated by a sudden pressure leap which would appear 
to be due to an explosive evolution of heat when the pressure of the niteogen 
trichloride falls below a certain liiniting value; this kick is the more marked 
the lower the ohlorine pressure, and the facts are consistent with the view that 
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the sharpness is controlled by the rate of diffusion of the last traces of the 
nitrogen trichloride into the light beam. 

The order of the reaction would at first suggest a surface decomposition, 
as l)as already been assumed by one of us in the earlier experiments on the 
mechanism of the indtiction period referred to above (Norrish, loc, dt.). Against 
this, however, we have the high quantum efficiencies at low pressure, which 
would introduce the difficulty (not necessarily insurmountable) of associating 
a chain or clustering mechanism with the surface reaction. The explosive 
termination of the reaction, however, which certainly has its seat in the body 
of the gas adds a more serious difficulty, and would seem to drive us back to 
consider the possibility of the whole decomposition being a homogeneous gas 
reaction. 

Granted that the lij st action of the light is to dissociate the chlorine molecule 
into atoms, we may ask ourselves—wdiat would be the fate of these atoms in 
an atmosphere of nitrogen trichloride ? Since it is generally agreed that their 
rate of recombination is slow we may suppose that they will persist long enough 
to meet molecules of nitrogen trichloride during the lifetime of the order of 
O'Ol- 0*1 second. The following chain reactions may be suggested :— 

(u) NCI, + 01 NClg + CI 2 

NCI. + NCI 3 N. 4 2 CI 2 1 Cl 

(h) N( 11 , 4 Cl 4 XNCI 4 4 X 

NCI, + NCI 3 ... N 3 4 HCI. + Cl 

(c) NOI 3 + Cl NCI f CI 3 
CI3 . CI3 4-CI 

NCI H- NCI Ng 4 - Clg (at surface^). 

The explosive termination might be associated with the building up of one or 
other of the intermediate compounds postulated above. 

The present facts in spite of the gr«;at simplicity of the relationship found 
are insufficient to distinguish finally between the possibilities of a surface or 
homogeneous decomposition, nor is it at present profitable to speculate further 
upon the chain mechanism suggested above. Further important evidence 
becomes available by a study of the effect of varying the dark and the illumi¬ 
nated surface, and the effects of foreign gases, the results of which will be 
described in Part II of this series. 
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Sunmuxry, 

1. The induction period produced by ammonia in the photochemical 
combination of hydrogen and chlorine is due to nitrogen trichloride formed 
by interaction of chlorine and the ammonia. 

2. The decomposition of nitrogen trichloride in chlorine alone is photo* 
sensitised by chlorine and the net reaction is given by the equation 

2NC18 ^ Ng + 3C1,. 

3. Tlie rea(*tion is of strictly zero molecular order with re-spect to the nitrogen 
chloride until the dcoomiKwition is almost complete ; then a semi-explosive 
reaction occurs. 

4. The velocity of the zero order reaction is directly proportional to the 
light flux absorbed by the chlorine. 

5. The quantum efficiency (y) of the zero order reaction in homogeneous 

blue (436 and ultra-violet (365 pix) is high (<20) at low pressures of 
chlorine and decreases with increase of chlorine pressure^ Poi,, to a limiting 
value in the neighbourhood of 2. Th(>! results are reproduced by the equation 

1/0-0038 Pci. + 2-6. 

6. No decomposition ixjcurs in yellow (579 |x[x) or green (546 pp) light. 

7. The reaction is probably initiated by chlorine atoms and proceeds by way of 
reiwjtion chains of short length. 
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The Discontinuous Nature of the Process of Sorption of Gases 
and Vapours hy Porous Solids. 

By A. J. At.t.ma ntj, F.R.S., and L. J. Buhraok, King’s College, London. 

(Received Jaiiuar}’ 13, 1931.) 

During the last five years, a mass of evidence has accumulated in this 
laboratory pointing to the conclusion that the adsorption of vapours by charcoal 
is an essentially discontinuous process, and that, for example, an ordinary 
adsorption isothermal is composed of a series of loops, cutting one another at 
more or less well-defined pressures. We were for long inclined to attribute 
such discontinuities to casual experimental error, or to defects inherent in the 
technique used. As, however, improvements in the latter have so far not led 
to the elimination of tliese “ breaks/’ but rather to their more certain definition, 
and as similar results are beginning to appear from other laboratories, wo 
think it well to present an account of our conclusions, and of the evidence on 
which they are based. 

1 . Adsorption, of Vapours by Charcoal at Imo Pressures {Pitani Gauge 


The first indication of the existence of discontinuities was obtained in these 
experiments, of which the technique has been described by Chaplin.* A 
definite break was found on the 26° C. carbon tetrachloride ieothennal of 
charcoal Ff at 0*090 mm.,:}: and breaks were discovered in all iso8teres,§ 
whatever the charcoal iised, at about the siime pressure. Later work|| showed 
breaks to exist in the 25° C. carbon tetrachloride isothermal of charcoal 
at about 0* 1 mm. and at adjacent somewlmt higher pressures. More recently, 
further (unpublished) isostere measurements have been made by Dr. E* 6, V. 
Barrett, using carbon tetrachloride, and by Mr. J. L. Lixius, using carbon 
bisulphide, in both cases with several charcoals. A break has invariably been 
found at 0* 1 mm. or at a slightly higher pressure. In addition, determinations 


* ‘ Proc. Roy. Soo.,' A, vol. 121, p. 344 (1928), 
t loc. ciL, p. Sm. A steam activated coconut charcoal 

t Alhnand and Chaplin, ‘ Pmc. Roy. 8oc./ A. voL 129, p 246 (1930) 
iLoc. Cl/., p. 257. i-* X /» 


Ailmand and Puttie 
If ‘ J. Phy». Chem.,’ 
chloride. 


K ‘ Proe. Roy. 8oc..’ A, vol. 130, p. 197 (1930). 

vol. 32, p. 452 (1928). A pinewood charcoal activated by sdno 
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of the adsorption isothermals of mixtures of carbon bisulphide and of water 
vapour also give evidence of these breaks (unpublished work of Mr. Lizius). 

2 . Adsorption of Vapours by Charcoal in jyresewte of Air (Retentivity 

Technique), 

A simple so-called retentivity method for the approx/hnale determination 
of the adsorption isothormals of vapours on charcoals was worked out some 
time back by Allmand, Manning and Barrage.* It yields curves each of which 
consists of a series of loops. The results of such a test carried out at 25° with 
water vapour and charcoal B, from which much of the mineral content had 
been removed by desublimation in vacuc at 300^ C., are shown in fig. 1, on 


100 200 300 400 



which are also indicated the experimental points found on the adsorption 
branches of various isothermals during work done some years earlier vnth 
water vapour and the same charcoal. The crosses refer to measurements 
on sorption from a moist stream of air,t and the triangles and squares to 
two series of data obtained by a static technique, working in absence of air.J 
The horizontal portions of the retentivity ” isothermal correspond, of course, 
to those portions of the retentivity curve of constant slope. 

* * J- Soo, Obem, ImL/ voL 47, pp. mr, 872t (1928). 
t Allmand, Chaplin and fihieli, * J. Phys. Ohem.,* vol. 38, p. 1151 (1929), fig. 3. 
t Allmaiid, Hand, MiLnning and Shiete, * J. Phys. Ohem.,’ vol 33, p. 1682 (1929), fig. 2. 
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Fre. 2. 


The ** simple retentivity test ” was later developed by Bunage into a 
method giving true adsorption isothermals,* and many such det«nninations 
* ‘ J. Phys. Chem..’ vol. 34, p. 2202 (1080). 
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have been carried out, both with carbon tetrachloride (from 33 mm. pressure 
downwards, at 100^ and at 25"^) and with water vapour (from a maximum of 
18 mm. pressure downwards, at 25^). In every case, these isothennals have 
proved to be discontinuous, showing a large number of breaks, of which the 
lowest, in all the most reliable experiments, was in the neighbourhood of 0 * 1 mm. 
pressure, whether the sorbate was water vapour or carbon tetrachloride, and 
whether the temperature was 10(r or 25 ". Attempts to discover any definite 
regularities in the pressure values characterising the breaks at higher pressures, 
or in the quantities of aorl)ate taken up between two successive discontinuities 
in the isothermals, have hitherto been unsuccessful, although indications of 
such concordance in the case of the pressure readings have certainly been 
observed- Further details of these experiments are being publislied elsewhere, 
and fig. 2 merely contains a favourable example of the type of result obtained 
(carbon tetrachloride isothermal for charcoal G* at 0.). 

3. Adsorption of Vapours by C/mreoal at Mishraie Prvfisures in 
abseme of Air. 

The results just described, unforesetui in their nature and depending on a 
new teclinique, clejirly called for confirmation. For this purpose, experiments 
were carried out by a static method, using thoroughly degassixl ( harcoals, 
working in absence of air, and measuring the equilibrium pressures by 
a mercury manometer. The first results of this kind have already l>een 
described.t They were obtained at 25"" C. with carbon tetrachloride and charcoal 
B, over pressure ranges, in two experiments, covering 0* 28 to 70* 45, and 17 *94 
to 31-74 mm. respectively. They confirmed beyond question the discon¬ 
tinuous nature of the isothermal, but the measurements were not sufficiently 
numerous to define its structure in detail. 

During 1928-29, we did a number of similar measurements, with the primary 
object of extending the work to other sorbates. The* experiments, with one 
exception, were carried out at 25"", and included the determination of the 
following isothermals (see Table 1). 

The static apparatus and method employed were simple and apparently 
effective. The charcoal container, in a thermostat at 25® (at 40® during 
experiment (viii)), could be connected by taps with (a) a Leyboldt merouxy 
diffusion pump, backed by a Hyvao pump, and with a McLeod gauge for esti* 

♦ * J. Soo. Chem. Ind.,’ vol. 47. p, 372t (1928). A Hteain activated palm nut shell 
oharooaL 

t AUmand and Futtiok, /oc. cU, 
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Table I. 




i 

I 

Pressure 

1 ! 

1 Number of j 

Number of 
points per 

fwriment. 

Charcoal. 

j Sorbate. 

i i 

range in 
mm. 

i 

I experimental ; 

1 points. 1 

t . 

millimetre of 
pressure 
range. 

(i) 

i L* 

' 08* ! 

19-2-0-6 

1 t 

! 60 1 

3 

(H) 

(iU) 

L 

; ocj^ ; 

9’5-6*» 

; 33 

9 

B 

CA 

8-8-02 

16 

6 

(iv) 

B 

1 H,0 

9-6-6-3 

18 

5 

(V) 

1 B 

; a-C.HyOH 

30-^-13 

52 

17 

(vi) 

: Jt 

! OA ' 

61-C-8 

50 

n 

(vii) : 

Di; 

CO* 

4-6-2-6 

j 12 

6 

(viii) 

i 01 

i 

CO* 

. j 

80-5-3 

! 12 

4 


* * J. Phys. Ohem./ vol. 34, p. 2202 (1980). A st«am mitlvatod soft-wood chan-oal. 
t ‘ J. Phys. Cliem.,* vol. 33, p. 1682 (1929). A sugar charcoal. 

i A steam activated nut shelf charcoal of British origin. Bulk density of 10-12 mesh ffi-anulofl, 
0-675. 


mating the efficiency of the evacuation ; (6) a mercury manometer reading to 
0‘01 mm. by a cathetometer; (c) a bulb containing a supply of the liquid 
Borbate previously purified by successive refractionatious ; (d) a tube immersed 
in a refrigerant for holding down the vapour under investigation whilst pump¬ 
ing oS gases displaced from the charcoal. 

The charcoal was first air-dried at 160^ and then, after filling into the con¬ 
tainer, evacuated cold down to 1 x 10“^* min., and then finally at 110® to the 
same pressure before weighing. It was initially charged up to a pressure about 
double that at which the first point was required, and left overnight at 26® 
in order to displace the great bulk of carbon dioxide from the charcoal A The 
largest quantity of this gas was given by charcoal L when working with carbon 
bisulphide. After weighing the container and re-attaching the apparatus, 
the latter was pumped down to about 10”^ mm., closed off from the pumps, 
and the container tap opened so as to admit vapour to the manometer system. 
When equilibrium had been established, which happened very quickly, the 
container tap was shut, the manometer read off, the vapour charge in the 
apparatus freed from any displaced gas by means of the freezing tube and 
suitable refrigerants in the usual manner,*)* and the pressure of the residual pure 
vapour determined. The accuracy with which this could be done was con¬ 
siderable. Successive resettings of the cathetometer usually gave the same 


* Allm a nd and Chaplin, loc, eit,t p, 262. 
t Chaplin, he. oif., p. 364. 
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reBult to 0*01 mm., and this figure must be regarded as the maximum normal 
error in making the actual readings. 

Knowing the volume of the apparatus (365 c.c.), the amount of vapofur 
withdrawn from the ooutaiuer and hence the amoimt still remaining in it were 
oalculated, the data for a point on the kothermai thus being obtained. Subse¬ 
quent desorption points were determined in a similar manner, by opening up 
the apparatus for an instant to the pump and thus withdrawing a small amount 
of vapour, measuring the pressure, putting the contiiiner into connection 
with the apparatus and, after a new equilibrium pressure had been set up, 
proceeding as described above. At the close of the experiment, the container 
was detached and reweighed, thus giving a check on the a(3curacy of the 
previous measurtiiments and deductions, which had been made assuming the 
validity of the ordinary gas laws. Reasonably cloms agreement between the 
found and calculated final values of q was obtained. When determining 
sorption points, the procedure was similar, except that, after the final reading 
off of each pressure, the apparatus was coimuected with the supply of sorbate, 
instead of with the pump circuit. 

The above technique allows of rapid working, and points can readily be 
obtained close to one another on the isothermal. Nevertheless, in some 
cases (experiments (i), (iii) and (iv)), the amounts of sorbed vapour were 
determined by direct weighing after each pressure measurement, and not os 
just described. This, of course, meant a considerably slower rate of work. 

The details of the different experiments were as follows:— 

BxfetimefU {%), Charcoal L and Carbon Bisulphide *—This consisted of one 
long series of desorption points. The results are plotted logarithmically in 
fig. 3 which also contains, inset, two sections of the data plotted in the form of 
p against q* The discontinuities shown far exceed the experimental error in 
a number of cases. It is clear that, above point 6 and below point 57, the 
number of readings is insufficient to define the course of the curve. Very 
considerable carbon dioxide pressures were found in the vapour plxases in 
equilibrium with the charcoal early in the experiment. Thus, the values at 
the first six experimental points were respec^tivoly 9*84, 3*64, 0*10, 0*20, 
0 • 26 and 0 *21 mm. of mercury. After point 12 (9 • 28 mm. of carbon bisulphide; 
364*4 mg. per gram) the apparatus was allowed to stand for 7 days before 
point 13 was taken. This resulted in the carbon dioxide pressure rising to 
0*50 mm. Subsequently it fell off, sometimes rather ^a^xiodically <the 
pressures observed at points 16to ISwere respectively 0-10,0*40 and 0*02 mm.) 
vot. oxxx.—A. 2 8 
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»ad was undetectable (t.e., below O-Ol mm.) from point 30 to the end of the 
experiment. 



These carbon dioxide pressures were far greater than those observed in 
otiier cases. Whether carbon bisulphide has any particular displacing action 
on the surface gases is doubtful. Quite possibly the large effect was merely 
due to the high charging pressure used in the experiment. 

Bxperment (n). Charcoal L and Carbon Tetrachloride .—Special attention 
was paid in this case to the question of reversibility,* and four successive series 
of points were taken, the first (16 points—^fuU circles) and the third (6 points— 
dbroles) being desorption, and the second (8 points—squares) and the fourth 
(3 points—triangles) resorption measurements. As is seen in fig. 4 they all 
lie satisfactorily on a single broken curve. 

* The results mentioned at the beginning of this seothm as obtained with b 

and oaitwn tetrachloride already gave some indication of tiw reve sible nataro d tbsse 
disoontinnons isothermals. See Allmand and Pnttiok, loo. oU., 
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The q value checked at the end of the experiment gave 536*0 mg. per grtoi, 
the computed figure being 537*27 mg. per gram. No carbon dioxide was 



noticed except during the last two resorption points, when pressures of 0*34 
and 0*52 mm. respectively were developed. 

Experiment [in). Charcoal B and Benzene .—^In this case, two desorption 
points and a resorption point were succeeded by 12 farther desorption points. 
The results are shown in fig. 5, Curve I. At no stage did the carbon dioxide 
pressure exceed 0*01 mm. 

Experiment {iv). Charcoal B and Water .—See fig. 5, Curve 11. Seventeen 
desorption points, commencing with 9*64 nun., were first determined. These 
were succeeded by two resorption and three further desorptioa points. The 
four last points are plotted separately in inset (a). It will be seen timt the g 
values are considerably greater than in the first desorption series. This 

2 s 2 
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“ drift ” towards increased sorption (at any particular pressure) as the maximum 
char^dng pressiire to which the charcoal has been subjected increases, is very 



marked with water vapour,* and we now have reason to think that the slowness 
of the displacement of carbon dioxide from the charcoal surface is the cause, 
water vapour being relatively ineffective in this respect.f 
In the present case, the carbon dioxide preftsure actually read off when 
measuring point 1 was 0*22 mm. This decreased to 0'06 mm. at point 5, 
after which no more was detected until the high charging pressure of point 19 
was reached, when the figure was 0-16 mm., followed by 0»10 mm. at point 
20. These figures may well be lower than the actual pressures, owing to 
solubility of carbon dioxide in ice. On the other hand, charcoal B has given 
evidence in other experiments of evolving comparatively little carbon dioxide 
when treated with vapours. 

(v), Chmcml B a/nd n-Amyl Alcohol, which was chosen as being 

* Allmand, Hand and Manning, * d. Phys. Ohem.,* vol 83, p. Id94 (19^). 
t Allmand and King, ‘ Proc. Roy. Soc.,* A, vol, 130, p. 210 {1930). 



(mm) 


Sorption o/'Gases and Vapours by Porous Solids. 619 


a hydroxjlic liquid of considerably lower vapour pressure than water. It 
was anticipated that any breaks obtained would be very well marked, even 
more pronounced than those shown in fig. 1. As will be seen, however (fig. 6), 



the isothermal, over the pressure range covered, gave a number of small but 
well-defined breaks, with indications of the existence of large loops at still lower 
pressorbs. 

Prior to the main desorption experiment referred to in Table I, a series of 
10 desorption points covering the range of 0*8 to 0< 1 mm. was measured, tihe 
q values being determined by direct weighing. The results are shown in inset 
(a). In three cases, when passing between successive points, a marked drop 
in pressure was observed without any measurable change in q. No detectable 
carbon dioxide pressuxes were developed, and there was no observable tendency 
to drift when the apparatus was allowed to stand for 18 hours after measuring 
point 2. ' 

When, however, the container was recharged to a higher pressure for the 
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main series of measurements, starting with point 11 at 3*00 mm. pressure, it 
was found that the quantity of sorbate taken up by the charcoal had enormously 
increased. During the desorption series which followed (51 further points), 
whilst the pressure fell to 0*13 mm., the q values only dropped from 412*1 to 
389*0 mg. per gram. The pressure range of 0*80 to 0*26 mm., which corre¬ 
sponded in the first series to a gr range of 134*5 to 133*0 mg. per gram now 
corresponded to 405 to 396 mg. per gram. It is clear that the effect of initial 
charging pressure in producing drift is as great as, or greater than, is the case 
with water. A carbon dioxide pressure of 0*03 mm. was observed when deter¬ 
mining point 11, but none was noticed subsequently. Moreover, after point 
14, the apparatus was allowed to stand for 48 hours. There was no per¬ 
ceptible drift. 

The estimated q values were checked by direct weighing after points 35 
and 66. The found values (estimated figures in brackets) were respectively 
404*6 (404*27) and 400*2 (400*43) mg. per gram. It should be added that, 
although the amyl alcohol had been carefully refractionated and was apparently 
a very satisfactory specimen, the mercury of the manometer was nevertheless 
somewhat attacked, and more difficulty than usual was encoimtered in getting 
satisfactory readings. 

As the chief purpose of these experiments is merely to demoiistrate the 
complex structure of the isothermals, the bulk of the data in the present case 
(points 11 to 59) have been plotted in the convenient form of logp against 
log(g-389), where j, as always, denotes milligram per gram. There are 
seen to be numerous breaks, some of them very well marked, particularly that 
at 0*26 mm. (points 48 to 69). Inset (6) contains points 34 to 62 plotted in the 
form of p against q. 

(vi). Charcoal J and Bmzene.~T}m experiment was under¬ 
taken to see whether the fine structure shown by the isothermals so far described 
was in any way connected with the retention by the charcoals of the morpho¬ 
logical structure of the raw materials used in their manufacttire. Microscopic 
examination showed charcoal B to possess such a structure to a high degree. 
Charcoal L is a briquetted material, but vestiges of the structure of the original 
beech wood would certainly be expected to persist. The isothermals given 
by the sugar charcoal J would be free from any such effect. 

The 50 points obtained, all belonging to the same desorption series, are 
plotted in fig. 7. Whilst the majority of the breaks are slight, some being on 
the limit of the experimental error, a few are very well marked. No carbon 
dioxide evolution was detectable at any point during the experiment, and 
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IS-hour testa for drift, made after points 6,10 and 49, yielded negative results. 
The q value found by direct weighing after point 50 was 238 rag. per gram, as ■ 
against an estimated figure of 241’46 mg. per gram. 



Experiment {vii). Charcoal D1 and carbon dioxide, chosen as being a gas 
and not an easily condensible vapour. Twelve desorption points were taken, 
the q values being determined by direct weighing in points 1 to 3. Omitting 
the first reading (4-58 mm., 4'53 mg. per gram) as being rather far removed, 
from the remaining points, the results are plotted in fig. 8, curve 1. There axe 
definite indications of breaks, although, as anticipated, these are not very well 
marked. A test for drift after point 9 gave no result in 18 hours. After point 
12, a check weighing of the container gave jr = 3-3 mg. per gram, whereas 
the estimated figure was 3 < 306 mg. per gram. 

Experiment (i»»). Charcoal D1 and Carbon Dioxide. —^Having obtained 
the above result below the critical temperatiue of the sorbate, it was of interest 
to see whether the same type of behaviour was shown above the critioal 
temperature. Accordingly, a similar experiment to (vii) was carried out at 
40° C. After three preliminary readings at pressures of about 2 mm., the 
charcoal was charged up to a higher pressure, and point 4 taken at 8*04 mm. 
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aod 7'54 mg. per gram. Ten farther desorption points were measured, and 
a final resorption point (No. 15). An 18-hour drift test with negative results 



was carried out after point 1(1, Direct weighing after point 15 showed q to 
be 7*3 mg. per gram, the estimated figure being 7*43 mg. per gram. The 
results for points 4 to 15 are plotted in fig. 8, curve II, and again show the 
presence of breaks, one of these being well uiarkexl. 

There are, however, certain comments to be made on these last two expexi- 
ments. No test for “ diaplacexl carbon dioxidecould naturally be carried 
out, and the absence of drift on standing was anticipated, in the light of the 
similar results obtained with water and amyl alcohol vapours. Nevertheless, 
it is clear that the kothermals are far from representing equilibrium. The 
resorption point 15 in experiment (viii) shows clear indication of drift. More¬ 
over, a compariHon between the unplotted point 1 of experiment (vii) and the 
lowest pressure points of experiment (viii) would suggest that less carbon 
dioxide is taken up at 26^ than at 40^ So also would the results of the three 
preliminary unplotted points of experiment (viii), which were as follows: 

Point . ] 3 

Pressure in mm. 2*14 2* 11 2*08 

7 in mg,/gram. 3*94 3-91 3*89 
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The “ equilibrium pressures found at 25*^ with similar charges of carbon 
dioxide were about 3-7 mm., thus far higher than at 40'". It may be added 
that Dr, R. Chaplin (unpublished work) has sliown that charcoals of the type 
of D1 exhibit very considerable drift when sorbing carbon dioxide at pressures 
of the order of 10*^ to lO"^ nun. 

.\n obvious criticism is that the discontinuities observed in these last experi¬ 
ments may depend on the fact that true equilibria were not being measured. 
Work now in progress appears to indicate that this is not the case. 

4. Adsorptio^i of Vapours by Silica Gel, 

In order to be able to compare our results with the precise experiments of 
Lambert and Clark,* an experiment was carried out with benzene, using the 
technique described in the last section. A specimen of commercial silica gel 
was employed, previously evacuated at 110^ C. to “ constant weight.’’ 
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A desorption series of 10 points was determined and then a final resorption 
point. The results are plotted in fig. 9; point 11 is seen to fall very near 
indeed to the main curve. It is obvious that any “ breaks ” which exist are 
relatively slight, and this fact is emphasised in fig. 6, where the isothermal 
(inset (6)) is drawn on the same p and q scale as the isothermal for benzene on 
charcoal B (curve I), 

As nevertheless it was just possible that slight discontinuities of the order of 
the experimental error were present, it was decided to do experiments by the 
simple retentivity technique (a single 28 mm. column), employing the same gel 
as sorbent, and using water and carbon tetrachloride os sorbates. The approxi¬ 
mate 26° C. isothermals which resulted are shown in fig. 10. The lower curve, 



for carbon tetrachloride, exhibits points of inflection and irregularities which 
definitely indicate the existence of slight breaks. A comparison between its 
course above 6 mm. pressure and the curve in fig. 9 suggests that, if the static 
experiment with benzene had been continued down to lower pressures, definite 
evidence of breaks would have been found. 

The upper curve, for water vapour, is a remarkable one. The corresponding 
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retentivity curve consisted essentially of a series of straight lines of decreasing 
slope, tending to cut one another sharply, the change in slope being completed 
over a very small q range. The result is the “ stepped ’’ type of isothermal 
shown, in which the sudden p and q changes are certainly not exaggerated. 
This is the most extreme example of discontinuous isothermal structure we 
have so far encountered, 

5. Ex/perimenis of other Observers. 

The reason why the existence of these breaks has, in general, escaped the 
notice of others is, wc think, a simple one, viz., that, even in the best work, 
the experimental points liave been spaced too widely apart. Inspection of 
Table I and of the diagrams will show that in no case in the present instance 
(when working with charcoal) have we determined an average of less than 
three experimental points per millimetre of pressure range, and that, in one 
case (experiment (v)), this number rose to about 17. These numbers have by 
no means always sufficed to define with accuracy the detiiil of the isothermal 
concerned ; in fact, in some instances, even the number of breaks in a given 
pressure range is uncertain. In the work of Allmand and Puttick,* an average 
of three experimental points per 2 mm. pressure proved insufficient to determine 
with accuracy the course of the isothermal. The density of points necessary 
for this purpose will, of course, vary from case to case, depending on the 
sorption pressure, the vapour pressure and nature of the sorbate, and the nature 
of the sorbent. 

When wc turn to other published work, we find no such profusion of experi¬ 
mental points. Thus, Goldmann and PoIanyi,t working with carbon bisulphide 
on charcoal at 20*5° C., have eight points covering the range of 8*9 X 10“* 
to 67 mm.; Lambert and Clark,J using benzene and silica gel at 15-26° C., 
cover the range of 2*20 — 59*65 mm. with 14 points ; McBain, Lucas and 
Chapman,§ who incline to regard the form and position of our sorption curves 
as being more typical of the true behaviour of charcoal towards vapours than 
those obtained in the best studios from other laboratories,” have 16 points 
covering 11 to 265 mm. in the case of methyl alcohol on charcoal at 40° C. 
It is of interest to note that six of these points fall between 90 and 113 mm,, 
and give evidence of a “ break ” in this region. 

* Xoc. cit. 

t ‘ Z. Phya, Chem.,’ voL 132, p. 321 (1928). 

% Log. cit. 

§ * J, Attier. Chein. Soo.,* vol. 32, p. 2608 (1930). ^ 
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Under these circumstances, it is not surprising that, when experimental 
results on adsorption are plotted, any deviations from a smooth curve are 
usually, explicitly or implicitly, ascribed to experimental error, however 
accurate the work in question claims to be. An examination of the literature 
of the subject will afford many illustrations. We need only mention earlier 
publications from this laboratory on the sorption of water vapour where, in 
quite a number of cases, points were found to fall off the “ best curve to a 
degree which it was difficult to account for at the time.* 

Recently, a numb(?r of papers have appeared in which the authors have 
realised, in specific cases, the discontinuous nature of sorption phenomena. 
Simonf found discontinuities and stoichiometric relations in the sorption of 
various gases by dehydrated chabasite. Aharoni and Simon,| investigatix^ 
the magnetic susceptibility of oxygen adsorbed by charcoal as a function of its 
concentration, found a sharp break at a certain point. Bull and Qaruer,§ 
determining the dependence on concentration of the differential heats of 
i^dsorption of oxygen and of nitric oxide on chaccoal, found complex relations 
in both cases ; abovi^ the lowest concentrations Xo, alternately rose and fell 
as the quantity of adsorbed oxygen increased, whilst nitric oxide gave a step¬ 
like curve, X alternately remaining constant over appreciable ranges of j or 
falling. Benton and White]] obtained very well marked breaks in the isother¬ 
mals given by hydrogen on reduced nickel at —183^ and *—191*6° C. 

In all these cases the authors remark on their results and suggest some 
tentative explanation, such as the passage from a first to a second layer of 
adsorbed oxygen molecules (Aharoni and Simon), or the existence on the 
surface of the sorbent of areas of varying adsorptive activity (Bull and Garner; 
Benton and White), In a further case, that of some high pressure isothermals 
of gases on charcoal,^ which show marked discontinuities,** the authors do not 
remark on the fact, and presumably ascribe the irregularities to experimental 
error. Possibly the inflections found by Polanyi and Welkeff at very low 
pressures in the isothermals of sulphur dioxide on a specimen of chemically 
activated charcoal at 0° and 5-3° C. are of the same nature. 

• E.g., * J. Phys. Chem.; voL 33, pp. 1151 (fig. 2), 1682 (figs. 1. 2,8), im (fig. 1) (1928). 
t ‘ Z. Etektroohem.,’ voi. 84. p. 528 (1928); ‘ Z. Phys, Ohem.,* vol, 182, p. 466 (1928). 
t * Z. Phya. Chem.; B. vol. 4. p. 175 (1929). 

$ ‘ Nature,’ vol. 124, p, 409 (1929). 

It * J. Amer. Chem. Soc.,’ vol. 52, p. 2325 (1980). 
f MoBain and Britton, * J. Amer. Chain. Soc.,* vol. 52, p. 2198 (1930). 

In particular see fig. 8 (loc. cU.). 
tt ‘ Z. Phya. Chem..’ vol. 132, p. 871 (1928). 
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6. Dismision, 

In addition to the specific suggestions just noted, the literature contains 
cejtain predictions of the possibility of discontinuous adsorption. Thus, 
Langmuir and Sweetser* point out that adsorption on plane surfaces consisting 
of more than one type of elementary space will occur in definite ste|m if there 
are marked differences between Oj, Oj, 03 , etc,, the relative lives of the sorbed 
molecules on these spaces. Keyes and Marshall,! discussing their work on 
the heat of adsorption of oxygen on charcoal, conclude that they are dealing 
with multimolecular layers, and point out that the ideal curve to be expected 
in this case would be discontinuous. In particular, SemenoffJ as a result of 
a discussion of the critical condensation temperature ’’ observed by workers 
with molecular rays, has come to the conclusion that a vapour whose ordinary 
heat of cH>nden»ation exceeds its heat of adsorption as condensed film or two- 
dimensional liquid, will tend to be adsorbed discontinuously above the critical 
condensation temperature, with the formation of multimolecular layers. 
Amongst the reasons he gives for the non-observance of this phenomenon in 
practice are ( 1 ) instiffioiont accuracy of experimental work, and ( 2 ) inhomo¬ 
geneity of adsorbing surface, which will result in the first formation of the two- 
dimensional liquid commencing at different points at pressures depending on 
the local adsorption potential. 

The heats of adsorption of gases and vapours are usually greater than their 
heats of condensation to liquid ; in such cases, Semenoff’s predictions should 
hold for temperatures behw the “ critical condensation t^emperature,’’ and in 
this form correspond up to a point closely with our own present views. 

A detailed presentation of these views at the moment would be premature 
for sufficiently obvious reasons. We will therefore merely outline them, 
dealing separately with charcoal and silica gel, and distinguishing between the 
behaviour of carbon tetrachloride, possibly typical of essentially non-polar 
aoirbates, and that of water, probably an extreme case of those sor'bates whose 
molecules are natural dipoles. 

Adsorption by Actimted CAorooais.—Activated charcoals have a very complex 
sub-mioroBoopio structure, fuUy in accord with their microscopic appearance, 
and contain a large number of ** active centres ’’ (corners and edges of rudi¬ 
mentary crystals, projecting fragments of carbon chains, molecular cavities 
and clefts) of high adsorption potential The first portions of vapour taken up 

• * J, Amer. Chem. Sw!./ voL 40, p. 1861 (1918). 
t ‘ J, Amer. Chem. Soc./ vol. 49, p. 166 (19£7). 
f ‘ Z. PJiys. Chem.,’ B, vol 7, p, 471 (1930). 
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are very strongly adsorbed and almost immobile on the surface. Even pro¬ 
longed high temperature degassing in vacuo is relatively inefiective in removing 
such adsorbed material oxygen,water,f carbon tetrachloridel) and dis¬ 
placement by another adsorbed vapour is commonly more efiective.§ This 
strongly held sorbate, poisons the charcoal to a certain extent for subsequent 
use,II 

Most charcoals seem to take up water vapour in this region almost as well 
as they take up carbon tetrachloride, particularly when the less powerful 
displacing effect of water on adsorbed oxygen^ is taken into account. 

Such adsorption is identical with, or closely approaches chemical ’’ 
adsorption as pictured by Langmuir. 

As the pressure in the vapour phase increases, chemical adsorption changes 
over to “ physical adsorption, in which van der Waals* forces are definitely 
predominant. The transition between the two types of sorption is, in all 
probability, a continuous one, corresponding to a gradual decrease in the 
degree of deformation of the sorbed molecules in the molecular field of the 
sorbent. In any case, the molecules adsorbed in this pressure region are 
progressively less firmly held than those bound at lower pressures, possess an 
increasing degree of mobility parallel to the adsorbing surface, and essentially 
constitute the two-dimensional gas phase of Volmer.*'*' 

We tentatively suggest this adsorption region in any given case to extend 
up to the pressure at which the first break is observed in our experiments, 
which, with activated charcoals, is apparently in the neighbourhood of 0 * 1 mm., 
and largely independent of the nature of the sorbate, of the exact charcoal 
used and of the temperature (between 25° and 100° C.). In this region, far 
more carbon tetrachloride than water is taken up. 

Above 0-1 mm. pressure, we imagine the local formation of two-dimensional 
liquid (Semenoff) to commence in the neighbourhood of the different active 
centres, setting in at pressures determined by the local adsorption forces, 
^ Many authors. 

t AUnrand, Hand and Manning, 2oc. p. 1711. 

X Earned, * J. Amer. Ohem. Soc.,' vol 42, p. 372 (1220); and our own observations* 

§ Hamed, toe. oU. ; AUmand and Ohaplin, loc. cit. 

II Lamb and Ooolidge, * J. Amer. Chem, Boo./ yoL 42, p. 1146 (1020); Ooolidge, * J* 
Amer. Chem. Boo./ rol 46, p. 596 (1924); AUmand and Chaplin (loo. oi^.). No such 
poisoning efieot was observed by Goldmann and Folanyi (loc. c»f.); they were using a 
ohemioally activated charooal in which the most highly aoUve oentm are already poisoned 
by the activating agent, 
f AUmand and King, loo. oit, 

•• * Z. Phys. Chem./ voL 116, p. 253 (1926). 
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this phenomenon being primarily responsible for the breaks observed.* Ad* 
sorption as two-dimensional gas will still continue, as the pressure increases, 
on such low potential portions of the surface as are not already occupied. 
In the case of carbon tetrachloride, we suggest that the processes thus outlined 
continue up to high pressures, if not to saturation, when the surface will be 
completely covered with a unimolecular liquid layer, in addition to which all 
minute cavities or clefts of suitable dimensions will be completely filled with 
liquid. This adsorbed layer will be under compression, and presiunably the 
observations of Meehanf and of Bangham and Fakhoury^ on the expansion of 
charcoal during adsorption are connected with this fact. 

In the case of water vapour, we think that, whilst “ primary formation of 
two-dimensional liquid in the above sense is relatively unimportant, a further 
process, similar to the formation of the second, third and further layers postu¬ 
lated by Semenofi, sets in above a pressure which depends on the nature of the 
charcoal, and varies between 6 to 9 mm. at 25'" C. Instead, however, of the 
formation of superposed multimolecular layers, we imagine that the ‘‘ pools ** 
of two-dimensional liquid water {cf. Qoldmann and Polauyi, loo, oU.)j which are 
primarily formed around the active centres, join up abruptly, producing par¬ 
ticularly sharp breaks on the corresponding isothermals (as in fig. 1). The 
setting in of this process, not occurring with carbon tetrachloride, is responsible 
for the well-known sweep over of water vapour isothermals at intermediate 
pressures from low to high values of and we ascribe it essentially to the 
dipole nature of the water molecule, and to the tendency towards association 
hereby conferred. This tendency, reinforcing the weak attractive forces 
directly exerted by the charcoal, is suf&oient at moderate pressures to hold 
water on a charcoal in the form of a discontinuous two-dimensional liquid 
film, which is probably far nearer to the unadsorbed liquid in its properties! 

* We have found disoontdnuitijdB in a carbon dioxide isothermal on charcoal at 40^ 0., 
above the critical temperatme for carbon dioxide (expedment (viii)). According to 
Semenofi {ho. cU.), the critioal temperature for a two-dimensional liquid film will be very 
low. On the other hand, Patrick, Preston and Owens, ' J. Phys. Chem.,' vol. 29, p. 241 
(1925), conohide that the oridoal temperature of carbon dioxide adsorbed on silica gel 
is raised to at least 40^ 0. 

t' Proo. Roy. Soo./ A, vd. 115, p. 199 (1927). 

t * Proo. Roy. Soo.,’ A, vol 180, p. 81 (1930). 

I The difierential heats of adsorption (X) of water vapour on charcoal in this pressure 
region ate only very slightly greater than its heat of condensation (' J. Phys. Chem./ 
vol 38, p. 1592 (1929)); the water laysr is presumably therefore under only slight com¬ 
pression. It is of interest to note that the general nature of the X ^ relation found for 
water vapour on charcoal (loo. oU., and Allmand and King, loe, gU.) is of the same xwture 
as that deeoribed by Goldmaan and Polanyi (foe. dt,} in other cases. 
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than is the case with uon-polar sorbatee such as carbmi terixaohloride, and whkh 
becomes continuous at saturation. 

We have suggested that the “ primary ” formation of two-dimensioBal 
liquid “ pools ” on activated charcoal is relatively unimportant in the case 
of water vapour. It is indeed possible that widely difforent adsorption mechan¬ 
isms may ultimately be foimd necessary for substances like water and carbon 
tetrachloride. For we have found that, whereas a certain unactiTated oocemat 
charcoal is practically indifferent to the latter at 100° C., taking 2 mg. p«r 
gram as compared with 140 to 240 mg. per gram taken up by steam activated 
specimens of the same material under the same pressure oonditions, there is 
relatively very little difference between the quantities of water vapour taken 
up by the activated and unactivated charcoals at 25°. 

A few further points should be noted. Whilst at one time imi^iniBg that 
there was a considerable degree of oemoordanoe between Ihe vidues of -4he 
different pressures at which breaks were observed in our isothermab, we have 
never been able to detect any indication of regular relations between the 
figures corresponding to adjacent breaks. In view of Idie nature of lAe sug¬ 
gested adsorption mechanism—simultaneous formation of gaseous and liquid 
films, with an additional process in the case of water—this is only to be anti¬ 
cipated. In addition, possible effects of incomplete displacement of oxygen 
must be reckoned with. It has been suggested that the breaks might disappear 
if this oxygen elimination were really emn^ete. Our experimental results 
do not support this view. 

A further objection to the proposed picture is that, considering the nature 
of the adsorbing surface, one would expect either for fewer or far more 
bretdts than are actually found. To this we can only reffiy that we think 
it Hk^y that, with more refined methods of measoxement, the derived 
structure of an isothermal would prove even 'more omaplex than is at ptesent 
indioated. 

AiSHfpwn by SUim Qd. —^We assume the adsorbing suifooe in this case to 
be for more uniform, and the active centres to be fewer and less potent. The 
nature of the surface—a dieleotrio with two essential atomic oonstituents in 
the lattice, and hence two possible types of elementary space, as oompartd with 
a conducting material with one essential atomic constituent in the oaae of 
charcoal—may also be of importance. In any oase, in the region of relatively 
low pressures, Whilst water vapomr is more stroa^y adsorbed tban it is by 
charcoal, the reverse is the cue for carbon tetrachloride, the result bemg that 
the quantities taken up are of the same order. At very low pressuree, on the 
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other baud, water vapour is far more powerfully held than is carbon 
tetrachloride; the case is one of “ chemical ” adsorption. 

We suggest the same qualitative picture at higher pressures as for charcoal. 
Owing to the absence of highly active centres, silica gel is a relatively poor 
adsorbent of non-polar molecules under these conditions; on the other hand, 
the abrupt sorption of larger amounts of water* at intermediate pressures is 
still more marked than is the case with charcoal (fig. 10). We agree that it is 
difficult to distmguish between capillary condensation (Zsigmondy; Patrick) 
and the sudden formation of the two-dimensional liquid which we prefer, and 
would only remark that, if the former explanation be correct (1) the Kelvin 
vapour pressure formula can nevertheless hardly hold, except at high p/pg 
values, (2) the difierence between the types of curve shown by benzene and by 
water requires explanation, (3) as also do the facts that a sugar charcoal, 
without any morphological pores, furnishes the same general type of water 
vapour isothermal as do other charcoals and ^ca gel,t whilst giving a benzene 
isothermal showing marked discontinuities. 

Conclusion .—Our views as a whole will be seen to have much in common 
with those of Ooldmann and Polan3d and of Semenofi. More, and more exact, 
work, with a rigid control of variables, will be required before further elabora¬ 
tion is possible. It is unnecessary to detail the many points which call for 
investigation or confirmation. 

It may, however, be pointed out that the experimental results recorded, 
whilst showing the non-applicability to a complex porous sorbent like charcoal 
of any general adsorption formula which purports to cover a wide range of 
experimental data, in no sense affect deductions drawn for plane surface con¬ 
ditions, and make it even clearer than before that only experimental work with 
plane, or relativdy plane, surfaces is likely to yield information of value on 
the fundamental adsorption processes. 

Sumtnary, 

1. The results of earlier work pointing to discontinuities in the process of tiie 
sorption of vapours by oharootd are reviewed. 

2. The results of the detailed investigation by means of a simple static 
technique of eight new isothermals are communicated. They include measure- 

* SO| and NHg, both natural dipdea, give isothermals on silica gel tesemhling those of 
hansene rather than those of water. 

t * Phys. Ohanu.’ vol. 88, p. 1887 (1988). 

VOt. OXXX.—A. 2 T 
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meats with (a) foar different charcoals, and (6) witii five different oondendUe 
vapours and with carbon dioxide. 

3. The results of the examination, by two different methods, of three vapour 
isothermals on silica gel are communicated. 

4. AU these isothermals show evidence of discontinuity, sometimes very 
marked, sometimes barely exceeding the limits of experimental error. 

5. Mention is made of recent similar results of other observers. 

6. Suggestions are made with a view to explainit^ the above facts. 


Examples of the Uncertainty Principle. 

By C. G. Dabwin, F.R.S., Edinburgh University. 

(Received December 17, 1930.) 

1. In the general synthesis of classical dynamics with the quantum theory, 
the Uncertainty Principle* plays a most useful part. It is of coarse only one 
aspect of the new mechanios, but it is a very helpful one since by its means it 
becomes easy to see where the old classical ideas broke down. The state of 
affairs in the quantum theory is not unlike that of the early days of relativity, 
when most of those who studied the subject felt the need of supporting the 
formal theory by seeing how the old ideas failed in specific oases. Here the 
formal theory is very abstract and is not easy to follow intuitively, and the 
Uncertainty Principle plays much the same rdle as did the examples of olooks 
and rods in relativity theory. For this reason it is more appropriate for illus¬ 
trative examples, than for any extreme generality, and though a number of 
examples have been already given by Heisenberg and Bohr,f it may not be 
amiss to have some more. There are probably some who will have shared 
my experience that it is often by no means easy to detect how the uncertainty 
enters into a given experiment, though once detected the arguments are 
usually very simple. In a recent conversation Professor Bohr criticised some 
rather careless remarks that I had inade,t and the present work was undertaken 

• HeiMnberg, ‘ Z. Phydk,’ vol. 48, p. 172 (1927). 

t Sm, for example, Heisenberg, “ The Phyeioal Priaeiples of (ho Quantum Theory,” 
ehap. 2. 

X " Disousslon on Magnetism,” ‘ Lond. Phys. 8oo.,’ vM< 42, p. 282. I attributed to him 
a theorem oomoerning the magnetio moment of the free eleettoa which was diflerent 



Examples qf Uncertainty Principle, 


63S 


to dear txiatters up. It may be shortly described as a study of the Uuoertaiaty 
Principle in connection with electrometers and magnetometers. 

It may be of interest to point out that the Uncertainty Principle can be 
regarded from a rather difierent aspect. The “ resolving power ’’ of optical 
instruments was discussed very fully by Rayleigh on wave principles^ but as 
long as matter was regarded in the classical manner, a mechanical instrument 
could be considered as capable of measuring quantities with absolute accuracy. 
Now that we know that matter also has wave properties, there is need of a 
theory of the resolving power of mechanical instruments, and this is exactly 
what the Uncertainty Principle supplies. 

The methods involved in the use of the principle may be recalled by citing 
Heisenberg's original example, in which he considers how the position of an 
electron could be fixed with the help of a microscope. He starts with the 
idea of an electron as a particle, say, at rest at a definite point. To fiix this 
point to precision Aj?, he must have light of a wave-length at least as short as 
Ax. It is wave principle that gives this, but the light is now regarded as a 
particle and as such has momentum of order A/Ax. When it is scattered into 
the microscope, part of this momentum is communicated to the scattering 
electron, so that the electron’s momentum is changed in the act of observing 
its position. An essential part of the argument is that a microscope requires 
convergent light, since this makes it uncertain in what direction the light- 
quantum was going when it struck the electron; otherwise the nature of the 
collision would be known, and though the electron had changed its motion, 
it would have done so to a cabulabla degree, and there would be no uncertainty. 
All arguments illustratii^ the principle have similar characteristics. They 
start with the pure particle aspect, assuming that position and momentum are 
both given, or some other pair of dynamically conjugate quantities. They 
then somehow make use of wave principles, perhaps through the idea of resolving 
power, or else simply of diffraction, and then show how the observing instru¬ 
ment so reacts on the object as to spoil the initial assumptions. An essential 
point in the process is to see why the reaction is indeterminate, for if it were 
definite some device could be introduced to compensate for it. 

2. Consider the following problem. An electron (or any particle of known 

from that which he had maintained. When he established that the moment could not 
be detected by a magnetometer, he did not need to make any appeal to the reaction of 
the magnetometer, and I suggested that the conditions would be altered by the 
simultaneous use of several magnetometers. It is shown in § d that when the reaction 
is aUowed Icsr, the new experiment is no more competent than the old to measure ti&e 
mommtp and tiiere is thus complete agreement with Bohr’s theorem. 


2 T 2 
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charge) is free on a certain line, but at rest. We have an eleotrometer at some 
fixed point on this line, with which we measure the eieotric force fetma tiie 
electron, and from this we calculate its position. We want to see how we are 
prevented from doing the experiment with infinite accuracy. To do this we 
must consider the resolving power of electrometers, and the easiest way of 
estimating the resolving power of any instrument is to take advante^e of the 
well-known theorems of optics on the subject. We therefore choose an optical 
eleotrometer, for which the estimation is simple. A possible way of measuring 
electric fields is to observe the Stark effect* that they produce. No restriction 
whatever is placed on the magnitude of the Stark effect, and so we may expect 
that it will represent the resolving power of other electoometers also. Our 
electrometer is thus a spectrum tube emitting lines which show the Stark effect, 
and we measure the displacement of one of these. Suppose that the line in 
question is associated with the two energy levels W^ -f M^E W, 4 - M^JE, 
where E is the field to be measured. If we want to measure E to 
accuracy AE, we must be able to distinguish between two frequencies differing 
by (Mj — M 2 ) AE/ii. To do this it will be necessary for their phases to 
accumulate a difference of something like a complete cycle, and this will take a 
time A( > A/(Mi — M 2 ) AE. This argument is, of course, nothing but an 
elaboration of Heisenberg’s relation AW At > h. It fixes the resolving 
power of the electrometer. 

We have now done with the essential appeal to wave theory, and for the rest 
may consider only the particle aspect, not only for the electron, but also for the 
radiation of the light from the spectrum tube. We want to reduce the 
reaction of the electrometer to the least possible, and so we suppose 
it to contain only one atom which is in level 1 at the beginning and 
in level 2 at the end of the experiment. At some unknown time during 
At the electrometer-atom switches over from state 1 to state 2 . We must 
consider how it reacts on the free electron; the effect is produced because the 
atom has an electric moment. We might at first sight ask why it should not 
be possible to compensate for this moment by means of some permanent static 
field, but a little consideration shows that it cannot be done. The moment is 
Ml if the atom is in the upper level, and M 2 if in the lower. The free electron 
is thus part of the time under the infiuence of Mi and part under Mj, and we 
cannot know when the switch occurs, so that it is impossible to know how 
much time to allow for each. The best compensation we can make is to super- 

* Bohr hM ptopowtd the use of tbs Zeeman oSeot for a magnetometw, and this is an 
obvious extension. 
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pose a permaneat field eqtavaleat to ^(Mi 4- M^); tben if the switch oooors 
at the start there will be a residual moment of ^(M| — M^), and if at tiie end 
of i(M]^ — Mg), and the average value may be an 3 rthing betweai these two. 
We conclude that the electrometer must have a moment M, of ordmr not less 
than — Mg, but uncertain to this degree. The rule that there can be no 
observation without uncertainty is illustrated by the lines for which Mg = Mg. 
For these the reaction could be compensated, but these are just the lines which 
fail to show the Stark effect, and so are useless for an electrometer. 

It is now easy to exhibit the way the Uncertainty Principle works. We 
propose to fix the position of the electron to accuracy Ax. Beckoning only 
to orders of magnitude, this requires ns to measure the force to aocurac} 
eAx/r’, where r is a rough value of the distance. To do this wiU take a time 
M > Ar’/(Mi — Mg) Ae. During this time the electron is under the infinence 
of a moment from the electrometer, of uncertain magnitude M which cannot 
be reduced below the order — Mg. The resultant electric force is of order 
M/ri*, yielding a mechanical force eM/r*. In time At this produces a change in 
momentum 


Ap = 



h M 
Ax Mj — Mg ’ 


This is equivalent to saying that the momentum is changed by an uncertain 
amount at least as great as A/Ax during the experiment, which is exactly the 
Uncertainty Principle. 

A slight generalisation will show how the result is related to the well-known 
reciprocal relations of classical dynamics. Imagine that the electron is free 
to move along a line x, while the electrometer is now anywhere in space and 
measure the force in an arbitrary direction X. Then if r is the mutual distance. 


the force to be measured is e 


J.1 

ax r' 


If the electron is to be found to accuracy 


Ax, the force must be measured to accuracy Ax . e 


d» 1 


dxdXr 


- and this will take 


a time — Mg) Ax . e other hand the potential of 

9 1 

the electrometer is M and the mechanical force on the electron in its 

9 * 1 ' 

direction of freedom is eM eo that the change of momentum is 

CX vJL T 


and we get the same result as before. 
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3. We now consider a similar problem for magnetio fields, tUs time nsmg 
the generalised !2eeman effect as magnetcnneter. We will suppose that an 
electron (without spin) is moving along the z-axis in a known positicm with 
velocity approximately u. A magnetometer is installed at the point (0, a, 0) 
so as to measure the component along z. The s 3 mibolB M, etc., now represent 
the magnetio moment of the magnetometef-atom. The magnetic force on 

the magnetometer is H = — , where r = >8 the distance. We are 

suppoaing r known ; it will, of course, vary during the experiment, but in a 
manner that could be allowed for with sufficient approximation. We are to 
measure u to accuracy Au, and this means measuring H to accuracy ea^ujer^^ 
which will take a time Ai > — MjJ eaAu. This is just as before, 

but the reaction arises in a different way. The mechanical force due to M is at 
right angles to both the magnetic force and the velocity, and so is perpendicular 
to the line on which the electron is constrained to move ; it is thus without 
effect. But we must remember that during the time of the experiment the 
magnetometer’s moment changes from to Mj^, and this change will give 
rise to electromagnetic induction. The moment M gives vector potential with 

aj-component Ma/r® at the electron and so there is an electric force 

Integrating over the time At this will produce a change of momentum during 

the interval of amount - (M^ — M,) ~. There is no uncertainty in this; the 

C 

onoerteunty enters because the change occurs impulsively at the moment of 
lihe switch from to M,, and we cannot know when this happens. Thus if 
the impulse is given early, the electron will move fmrther in consequence, 
than if it is given late. So there will be an uncertainty in position of amount 

~ M ~ At, where M is again of the magnitude of — M,. Substituting for 
At, we find Ax > h/m Au. 

4. We next consider the orientation of the magnetic moment of an electron, 

regarding it as fixed in position, as it would be for example in an alkali atom. 
The electron is at distance r from the magnetometer and its moment is 
(1 — ehj'ime, so that the force to be measured is of magnitude p/r*. If the 
experiment is to be of any use we must have better preoisimi than this; let 
us aim at measuring K|i./r*, where k is a &irly nuall fraction. The experiment 
must then take a time greater than At = — M,) 4C(x. The reactive 

force is M/r”, where M is imoertain but of the same mafoitude as M, — M,. 
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Ihifi force will cause a pxeoeasional motion of the electron at twice tire rate 

M 

of the Larmor precession, that is with angular velocity — —, and so in time 

At it will precess through angle — ~ At which is of the order of l/#e. This 

me 1r 

means that the electron will have precessed at least several times round, and 
will end pointing in an arbitrary azimuth. All that can be determined 
therefore is the component along the axis of the precession. This last result 
is, of course, also true in the classical theory by virtue of the reciprocal 
relations of dynamics. For if p, is the vector moment and x the position of 

the magnet, p, ^ the potential of Hs force, and if X is the line of the 


magnetometer, then the force measured is (p, 


dXdxr/’ 


On the other hand 


the reaction has potential M — and so the reactive force is the vector 

f 

g* 1 

M . The aoalar product of this by u is just what the magnetometer 

measures, and it only depends on the component of p in the direction of the 
reactive force. 


The new feature is that the magnetometer, in fixing this component, has 
spoilt that at right angles. We can thus see that it is impossible ever to deter¬ 
mine the components of magnetisation of the electron in two perpendicular 
directions simultaneously by the use of two magnetometers; for the electron 
will be precessing through arbitrary angles about the two axes at the same 
time and so will end in a quite arbitrary direction. This is a well-known 
property of spatial quantisation, connected with the fact that the components 
of angular momentum in perpendicular directions do not commute. The same 
result is true for the moment of a whole atom, and indeed for any system for 
which the processional rate under force H bears a proportion of order H/h to 
the magnetic moment. 

6. The important question of the magnetic moment of the frw electron was 
discussed by Bohr.* The magnetic force that it exerts will depend on its 
position and velocity as well as on the moment, and to observe the last we 
must know the effects of the other quantities. Bohr imagined that a previous 
unspecified experiment had fixed the position and velocity, of course with the 
appropriftte uncertainty. The electrons might for example have been liber¬ 
ated from a slit after falling throuj^ some definite voltage; this would, of 


* Mottt * Broo. Boy, Soo.,' A, vd. IM, p. 428, see Appendix, p. 440. 



688 


C. G. Darwin. 


course, give them uucertainties of position and speed obeying AxAu > hjm, 
etc. The force due to the current is then of order euja*, and is thoefore 
uncertain to order e^u/or*, which is greater than and so much 

greater than ehlmefi, which is the whole force due to the moment. 

Now it might seem that not all the possibilities have been exhausted by this 
argument. For example, by using two magnetometers simultaneously on 
opposite sides of the electron, it is easy to separate the current-force from the 
moment-force. We might think that though the uncertainty of velocity is 
so great as to mask the force on a single instrument, yet it will be the same 
imcertainty for both, and so could be determined and thereby eliminated. 
It was, of course, never anticipated that this would be so, but the present work 
was primarily undertaken to see why it is not. We shall therefore design a 
self-contained experiment, from which, assuming infinite resolving power and 
no reaction, it would be possible to evaluate position and velocity as well as 
moment. 

We take a given direction for the moment, say along t. There ate then seven 
unknowns, the position x, y, z and velocity u, v, w of the electron, and the 
magnitude of its moment. The force in the z-direction at a distant point 
(R cos B sin <f>, 0) is found to be 

T (« cos <^ — « sin «;i) -f 

+ [(»« — yu) + 3 cos 2^ (iw -f yu) -f 3 sin 2^ (yu — »«)]|—^. 

As this does not contain z or w, we conclude that a set of five magnetometers 
in the plane of xy will suffice. It does not matter how they are disposed, but 
for symmetry we may put them at the corners of a regular pentagon. If we 
denote the five measurements by H]^, H,,..., we can obtain equations 

=».?.»■■ is- 

and it is evident that these can be solved for x, y, u, v and p. Thus our experi¬ 
ment would work, given infinite resolving power. It may be thouf^t Ixivial 
to go into so much detail over the matter, but the whole subject is full of pitfalls 
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and it ie prudent always to examine a proposed experiment so as to be sure, 
that it works. 

Now apply the argument of § 3. The magnetometer at ^ has vector potential 


with components ^ sin if>, 
K* 


M 

If 


cos ^ near the origin, and so gives an impnlae 


to the electron at some time during the experiment. All five do 


« (M. - M.) 

0 E* 

this, and since we have supposed that the impulfles are in directions at five 
equal angles, it happens that the final velocity will be tiiie same as the original. 
But the times at which the impulses act are quite uncorrelated, so that the 
electron will have moved its position by an amount uncertain to order 
e M 


me R* 


Taking At just so long that we shall be able to detect the moment- 


force, we have a shift of position of order — ^ . — or R. This 

me R* (Ml — Mj) \L 

means that any magnetometer exerts such a reaction on a free electron, that 
it drives it right away in a shorter time than is necessary in order to resolve 
the magnetic force due to the moment. This is Bohr’s result and we see 
how again the Uncertainty Principle asserts itself. 
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Iiniroiudim. 

The experiments to be described in this paper are based on the observation 
of H. B. Dixon that iodine raises the ignition temperature of hydrogen in 
oxygen. The study of its influence on the slow combination of these gases 
promised to throw additional light on the nature of the reaction chains by 
which the change takes place. 

Since a number of facts relevant to the investigation are contained in recent 
publications in a rather unco-ordinated way, it will be well to begin by bringing 
them together. They may be summarised as follows:— 

(1) Below about 520® C. in vessels of porcelain or silica the combination 
of hydrogen and oxygen occurs mainly on the surface of the vessel, and 
is approximately of the first order.* 

(2) As the temperature is raised from 520° C. to 600° C., and especially 
as the pressure is raised, a high-order gas reaction comes into prominence. 
Under some conditions its rate may be nearly proportional to the cube 
of the hydrogen concentration, and to a power of the oxygen concen¬ 
tration greater than the first. It is accelerated by steam and other 
chemically indifferent gases, and retarded in an extremely marked 
degree by reduction of the dimensions of the vessel.*! 

(3) At relatively low pressures an entirely new phenomenon appears ; there 
is an upper and a lower limit of pressure above and below which the 
reaction is quite slow, and between which explosion occurs.^ 

(4) The upper limit is displaced in the direction of higher pressures by 
increase of temperature; the lower limit is slightly lowered. Argon 
lowers the partial presstire of hydrogen and oxygen at the upper limit, 

* Bone and Wheeler, * Phil. I^ans.,^ A, vol. 206, p. 1 (1906); 0. N. Hmshehmod and 
H. W. Thompson,' Proc. Roy. Boo.* A, voL 118, p. 170 (1928), (Boferenoes to the earlier 
work of Bodengtein axe given here.) 

t C. H. Gibson and 0. N. Hinshelwood, < Proo. Boy. Boo./ A, vol 119, p. 591 (192$). 

X Thompson and Hioshelwood, ‘ Proo, Roy. Soo.,* A, vol 122, p. 610 (1929); Kopp, 
Kovalsky, Sagulin and Semenov * Z. Phys. Ohem.,* B, vol. 6, p. 807 (1980). 
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The upper limit ia not much affected by the dimensions and nature of 
the vessel 

(6) In presence of small amounts of nitrogen peroxide hydrogen and oxygen 
may explode at temperatures more than 100® C. lower than normally. 
There are two critical concentrations of nitrogen peroxide above and 
below which reaction is negligible and between which explosion occurs. 
The limits are quite sharp.* 

(6) When crossed streams of hydrogen and oxygen meet in an atmosphere 
of nitrogen at partial pressures and temperatures such that the low 
pressure explosion would occur in a silica or porcelain vessel, no flame 
appears at the region of intersection of the streams. If, however, a 
quartz or porcelain rod is brought into this region ignition oocurs.f 

(7) According to Alyea and Haber, the ease of ignition, in the low pressure 
region, of mixtures of hydrogen and oxygen streamed through narrow 
porcelain tubes is much greater when the tube has been “ pre-treated ” 
with oxygen than when it has been “ pre-treated with hydrogen. 

With regard to the interpretation of these facts, (1) requires no further 
comment. 

(2) shows that the gas reaction is a chain reaction in which the chains are 
broken principally at the wall of the vessel. As far as the influence of the 
vessel size on the rate of reaction is concerned, they might also start on the 
wall, since, if they traversed the gas before meeting the wall again, the rate 
would increase with increasing vessel size in the manner actually found. But 
the high order of the reaction suggests that the chains are actually initiated in 
the gas (Gibson and Hinshelwood suggested ternary collisions 2Hj + 0*, 
giving excited molecules of steam). 

With regard to (3), two kinds of mechanism might give rise to the existence 
of such limits: (a) A heterogeneous reaction might be occurring, the rate of 
which first increased and then decreased again as the pressure increased—a type 
of surface reaction by no means unknown. Between two limits of pressure, 
therefore, this reaction might be generating heat at certain points on the surface 
rapidly enough to ignite the gas as a whole.J This hypothesis is disproved by 

• Gibson and Hinshelwood, * Trans. Faraday Soo.,* vol 24, p. (192S); Thompson 
and Hinshdwood, ‘ Broc. Roy. 8oo.,’ A. vol. 124, p. 219 (1929). 

t A^ and Haber, ‘ Z. Phys. Ohem..’ B, vol. 10, p. 198 (1930). 

X Gibson and Hinsbelwood, ‘ Trans. Faraday Soc./ vol. 24, p. 589 (1928). 
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tiie fact that the rate of the aorface reaction does not vary with tiie presanre 
in anything like the required manner, showing no sign whatever of increasing 
as the pressure drops from higher values towards the explosion limit. To make 
the theory fit the facts it would be necessary to postulate the existence of 
special active centres on the surface with appropriate properties. (6) A hypo¬ 
thesis* which at present appears satisfactory is that of branching chains, which 
are prevented from multiplying indefinitely by deactivation at the wall below 
the lower limit, and by deactivation in the gas above the upper limit, but 
leading to explosion between these limits. The facts mentioned undm: (4) 
are consistent with the hypothesis that the upper limit is determined by 
deactivation in the gas phase. 

One of the more striking characteristics of the whole phenomenon is that the 
mechanism by which chains are propagated in the explosion region at low 
pressures appears to be independent of that by which they are propagated at 
higher pressures. 

(6) will be referred to below, 

(6) is evidence that the chains concerned in the low pressure process start 
at the wall of the vessel, but gives no reason to doubt that the upper limit is 
chiefly determined by breaking of branching chains in the gas phase. Alyea 
and Haber themselves in their latest communication neither accept nor reject 
the branching chain hypothesis. 

Taking all the facts into consideration, it appears to us most probable that 
in the low pressure region chains are propagated through the gas, but are 
initiated by centres which perhaps must be formed heterogeneously; at the 
lower limit surface deactivation plays the important part in stopping the 
chains, at the upper limit gas deactivation. In the region of higher pressures 
chains of somewhat diflerent kind start in the gas and terminate at the wall. 

(7) would apparently result from adsorption hysteresis which influences 
the heterogeneous production of the centres from which the chains start; it 
appears later in this paper that the effect is not a very pronounced one. 

With regard to the chemical processes occurring in the chains in the low 
pressure region, Thompson and Hinshelwood supposed primary formation of 
hydrogen peroxide, which reacts with hydrogen to give two excited molecules 
of steam. These hand on their energy, activating oxygeli or hydrogen 
which forms more hydrogen peroxide. Nitrogen peroxide can also initiate 

* Thompaon and Hinshelwood, loo, oU. For general theory of branching chains see 
Semenov,' Z. Physik,' vol. 46, p. 109 (1027), 
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chains. The chains are broken either at the surface, or hj one of the 
processes:— 

2Hjj0a 2 H 2 O + 0* and HgOg + NO 3 HjO + NO + 

or by deactivation of active molecules in collisions of the second kind with 
inert gas molecules. 

In the light of ( 6 ) above it would be necessary to suppose the first HgOg 
molecules to be formed at the surface. Haber and his collaborators! prefer 
to regard the chains as starting by the process H 2 + Oj = 20H, followed by 
OH + Hj 5 = H 2 O “f“ H. They base this theory upon the existence of the 
OH bands in the emission spectrum of hydrogen-oxygen flames, and in the 
absorption spectrum of steam at 1200 ° C.; and upon thermochomical data 
which show the reactions in question to be possible ones. On the other hand, 
it must be remarked that hydrogen peroxide can be condensed out at ordinary 
temperatures from flames, and that 1200 ° C., where the OH absorption bands 
appear, is as much above the normal reaction temperature (660° C.) as 

ordinary temperatures ” are below it. The existence of the equilibrium 
20H HjOg makes it possible that the two views of the matter are not 
incompatible. Finally, however, since inert gases such as argon and, as shown 
later, steam lower the upper explosion limit, they evidently Imve a deactivating 
influence, which is more easily understood as occurring in collisions with 
excited molecules than in collisions with free atoms or radicals. If the initial 
process is Hg + Og == HjOg it is understandable that it should have to occur 
in contact with the vessel wall, since processes of the type A + B = AB 
require the participation of a third body in order that the quantum conditions 
may be consistent with the mechanical conservation laws. On the other hand, 
if it is Hj + O 3 = 20H there would be no such necessity.! 

The matter must be left open until further data are forthcoming, but it is 

* Sohumaoher modifies this view of the matter by assuming that, at the upper limit of 
nitrogen peroxide concentration, the reaction NO, + 0 NO + 0, removes oxygen 
atoms which below the limit start chains by the process H, -f 0 « OH + H (‘ Nature,' 
voL 126, p. 182 (1980)). Farkas and Harteok object to this on the ground that oxygen 
atoms produced photoohemioally do not cause explosion. They prefer the original explana- 
tloii of Gibson a nd Hinshelwood that the nitrogen peroxide at the upper limit poisons the 
waO reaction whidh might otherwise set up chains, Thompson and Hinshelwood, finding 
that the upper limit, in the absence of nitrogen peroxide, could not be mq>lained in this 
way, suggested, as more coherent, the explanation based on the mutual destruction of the 
peeoxide moleoules. 

t Bonhoeffiar and Haber, ‘ Z. Phys. Ohem.,* vol 137, p, 268 (1928). 

% This point arose from a discussioii of the matter with i^rofeesor G. L Finch. 
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perhaps permissible to say that the existmg differences of opinon* relate 
rather to matters of detail than to the general interpretation of the reaction in 
terms of the chain mechanism. 

The experiments now to be described deal primarily with the influence of 
iodine and water vapour on the combination in silica and porcelain vessels. 

Iodine retards the gaseous reaction, inliibits the low pressure explosion, but 
accelerates the surface reaction. Water vapour inhibits the explosion, if 
present in great enough amount; such amounts, as shown previously, would 
accelerate the high pressure gas reaction by an “ inert gas ” effect. 

Certain other matters, amplifying points dealt with in the foregoing intro¬ 
duction are, however, first dealt with. 

Qiiestion of Negative or Positive Catalysts in Commercial Hydrogen. 

The apparatus used was similar to that already described ; the reactions 
took place in bulbs of silica or porcelain, and the rate of reaction was measured 
manometrically. Pure oxygen was prepared from potassium permanganate. 
Hydrogen was obtained from a cylinder of electrolytic hydrogen, dried by 
means of phosphorus pentoxide, and then used without further purification. 

The reaction between hydrogen and oxygen is shown in the sequel to be 
sensitive to the presence of certain inhibitors. It is important to know whether 
cylinder hydrogen contains impurities which can act in this way. The 
behaviour of this hydrogen was compared with that of pure hydrogen, admitted 
into the reaction vessel through a hot palladium valve. The differences found 
were not greater than differences which might arise from the uncontrollable 
variability of the bulb surface. This justified the use of unpurified cylinder 
hydrogen in the rest of the investigation. 


Comparison between Cylinder Hydrogen and Pure Hydrogen. 
Unpacked silica bulb, H^ 200 mm., Oj = 100 mm. 


Bxpeiimenta tabulated in order 
as performed. 

j 

Times required for 20 per oeat., 50 per ooat, and 

75 per cent, of complete reaction. 

XMjr cent. ! 

t60 per cent. 

t7& per cent. 

Pure hydrogen . 

/ // 

8 0 

■# // 

6 20 

13 57 

Qylinder hydrogen.*.. 

! 4 18 

7 40 

13 22 

hydrogen .... 

4 18 

8 8 

15 20 

Otiinder hvdrosen... . 

4 7 

7 17 

12 20 




* Another variant of the meohaaiam, based upon initial prodnotioa ol atomic hydsogsni 
is disoussed hy Semenov, * Z. Flijs. Chem./ B, vcd. 2^ p* 101 (1000). 
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Effect, of “ Pre-treatment *’ of Vessel «nt& Hjfdsfogen or Oxygen. 

A series of experiioents was carried out to determiae whether the upper 
limit of the low pressure explosion region depended on the order in which 
hydrogen or oxygen was let into the reaction bulb. In each experiment the 
bulb was first evacuated, then 100 mm. of one gas were let in; after 2 minutes 
this was pumped out; this process was repeated. Then a suitable pressure 
of the same gas was let in, followed by the equivalent amoimt of the other gas. 
The mixed gases were then slowly drawn out of the bulb, and the pressure at 
which explosion occurred was measured. 

With an unpacked silica bulb, no regular differences were found, as shown 
below; the order in which the experiments were made is indicated:— 


Effect of “ Pre-treatment ” on Explosions in Silica Bulb at 624° C. 



1 Explosion pressures. 

Hydrogen admitted first... 

(1) 73 (3) 77 (fi) 70* 

(2) 77 (4) 77 

Oxygen admitted first. 



Small differences were found with the porcelain bulb, as shown below:— 
Effect of " Pre-treatment ” on Explosions in Porcelain Bulb at 608° C. 



, Exjdosion pressures. 

Hydrogen admitted first. 

Oxygen admitted first. 

(1)62 (3)01 (6)00 (7)01» 

(2) 05 (4) 00 (0) 60 


* These prosBureft differ by about 20 mm. from those recorded by Thomp«on and Hinahelwood. 
A £»w meaauremanta, however, made at higher temperatures before prolonged exposure of the 
vessel to iodine vapour, agreed quite well with the earUer results. This itself suggests a ** pre- 
treattnont ” effoot. Unfortunately, however, a change in the soro of the pyrometer whioh 
ooourred during the present series of experiments makes it impossible to be certain that some of 
the difference is not due to an error in the absolute temperatures recorded. It should be 
remarked that the relative values and the constancy of the tempemtures are beyond doubt. 
For any other purposes of this paper the ab^ohUe temperature values are irrelevant. 


These results, as far as the direction of the effect goes, agree with the observa¬ 
tions of Alyea and Haber, but the magnitude of the effect appears to be much 
airm.lliM’ than would be gathered from their account. 
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Influence of Water Vapour on the Upper ExpUaion Limit. 

The effect of the presence of water vapour in the hydrogen-oxygen mixture 
on the upper explosion limit was investigated in the porcelain bulb at Sll” G. 
The results, given below, are somewhat erratio, but show definitely that 
a sufficiently large percentage of water vapour lowers the partial pressure of 
2 H 2 -f- O 2 at the upper limit, and that a still larger percentage stops the 
explosion altogether. The explosion limit was found by the usual with¬ 
drawal” method. 

Influence of Water Vapour on Low Pressure Explosions. 


(Porcelain bulb at 614° G.) 


Amount of water 
Tapour as peroentage 
of total pressure. 

partial 1 
limit (i 

preMnres at upper explosion 
m mUUmetres of meroury). 



P{B, + 0^) 

0 

69 

0 

69 

a 

66 

0 

66 

0 

66 

0 

66 

2*0 

63 

1-25 

62 

3*2 

65 

21 

63 

6*2 

64 

4-0 

60 

8*8 

59 

5*2 

54 

nz 

53 

6-0 

47 

181 

66 

8*6 

56’5 

160 

61 

9-76 

61 

22-7 

33 

7*5 

80-5 

35-9 


No explosion. 



Incidentally it is to be noted that the influence of water vapour is much too 
small to have modified the normal explosion pressures determined by the 
" withdrawal ” method; a question raised by Semenov. In previous experi¬ 
ments it has been found that water vapour somewhat retards the surface 
reaction; and accelerates the gas reaction at higher pressures, in the same way 
as an inert gas, that is, by hindering the diffusion of the chains to the walls. 

The Influence of Iodine. 

Iodine was introduced into the reaction vessel as isopropyl iodide, which 
instantly decomposed into propane, propylene and iodine: 

2C3H7l = C,He-l-G,H,-fI,. 

Thus the actual iodine pressure in the reaction vessel is equal to one-third of 
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the meaBured pressure. Larger amounts were measured in directly, and smaller 
amoimts after suitable dilution with known amounts of hydrogen. 

It is shown later that all the elfects observed were due to the iodine, and not 
the hydrocarbons. 

The effects of imline are as follows 

(1) The explosion which normally takes place when the pressure is reduced 
below the upper critical limit does not take place when iodine is present 
in concentration greater than a certain minimum amoimt. This was 
observed in unpacked silica bulbs, a tube-packed silica bulb and a 
porcelain bulb. The effect was investigated in detail in a large silica 
bulb. Amounts slightly less than are r<'quired to stop the explosion 
altogether lower the explosion pressure. 


Influence of Iodine on Upper Explosion Pressure. 
(Unpacked silica bulb at 520^^ C.) 


Order of 
experiment. 


Amount of iodine a& 
percentage of total 
pressure. 


Explosion pressure 
(in mm. of mercury). 


2 

3 



0 067 
0*011 
0 0067 
0 0022 
0 0022 
0 0011 
0*0011 
0*00011 
0 
0 


No explosion 
No explosion 
No explosion 
No exi^osion 
No explosion 
60 
21 
61 
72 
74 


(2) The surface reaction is accelerated by iodine. 

(3) The high pressure gas reaction is inhibited. 

These facts were established by comparing the reaction in bulbs of widely 
different dimensions and surf ace-volume ratios. 

In an unpacked bulb at relatively high temperatures and pressures the gas 
reaction tends to predominate; under these conditions addition, of iodine 
retards the reaction very markedly. In such a vessel an acceleration is 
observed only at relatively low temperatures and pressures. 


2 u 


VOL. 0XXX.--A. 
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Influence of Iodine on Qas Reaction. 

(Unpacked silica bulb at 550° C. H 2 == 300 mm., 0* = 150 mm.) 


Concentmtion of | 

iodine (mm.). j 

Rato of reaction 
(mm, proMure change per min. i, 

0 

35 

0-0033 

U 

0*017 1 

5-4 

ooas 

5*0 

0*10 ! 

6*4 

0*17 

5*2 

0*33 

6*8 

0*83 1 

S 

1*33 

11*4 


These are plotted in fig. 1. Small amounts of iodine produce the maximum 
retardation. The increase in rate which occurs when the minimum is passed 
must be due to the acceleration of the surface reaction. 



In a bulb packed with spheres of silica the surface reaction tends to pre¬ 
dominate, and only acceleration by iodine is observed even at relatively high 
temperatures. 
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Influence of Iodine on Surface Reaction. 

(Sphere-packed silica bulb at 600® C. H, = 400 mm., Oj = 200 mm.) 


Conodntmtion of 
iodine (mm.). 

Rato of reaotitm 

i (mm. pre«aun ohatige per min.). 

1 

^ 1 

10*5 

0*3 1 

36*5 

1*83 

61-8 

3*33 

75 

6-66 

94 


These results are plotted in fig. 2, which is seen to bear a resemblance to an 
adsorption isotherm. 



Since the relative rates of the surface reaction and the gas reaction vary 
very much with conditions, the influence of iodine on the total reaction may 
change from a retardation to an acceleration in the same vessel as temperature 
and pressure are varied. The results given below refer to a porcelain bulb. 
At 560® C. with 200 nun. hydrogen and 100 mm, oxygen there is a very marked 
acceleration; at 680° C. with 300 mm. hydrogen and 160 mm. oxygm this 
has given place to a small but definite retardation, the inhibition of the gas 

2 0 2 
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reaction more than compeasating for the considerable acceleration of the 
surface reaction. 

Porcelain Bulb. 


1 

Amount of 




iodine an 

Time for 

Time for 


|)oroontage 

10 per cent. 

20 per cent. 


of total * 

reaction. 

reaction. 

j 

1 presBure. 



1 

] 

i 

. - i 

f *r 

680°C. H. = 200mra., Oj - 100mm. 

0 , 

0 56 

22 15 


0 167 

1 56 

4 25 


0-6f> 

1 25 1 

3 0 


in j 

1 10 

2 10 

680° C. H, 300 mm,, Oa 160 mm. 

0-37 

0 26 

0 34 

0 63 

1 5 


Similarly when the temperature in the sphere-packed bulb was increased 
the acceleration diminished considerably. 

Sphere-packed Silica Bulb. 



Amount of 
iodine a« 
percentage 
of total 
pressure. 

Time for 

25 per cent, 
reaction. 

1 

Time for 

50 per cent, 
reaction. 



f ft 1 

/ // 

flOO'C. H, = 400 mm., 0^.=-200 mm. 

' 0 

4 45 

8 25 


1 *60 

0 40 

1 30 


3-33 

0 32 

1 13 

080” 0. H, « 400 mm., 0,=^= 200 mm. 

0 

0 17 

0 45 


^ 1-86 

0 16 1 

0 37 


The uninhibited gas reaction is retarded in a very marked way by a decrease 
in the dimensioris of the reaction vess*!!!, since the chains are broken at the wall. 
If the iodine inhibits the reaction by breaking chains in the gas, the rate of 
the retarded reaction should become much less dependent on the dimensionB 
of the vessel. This anticipation was confirmed in a general way by experi¬ 
ments made in a set of three silica bulbs of different diameters. The nmul- 
taneous surface reaction complicates matters; but it is seen in the fcdlowing 
table that all three bulbs give roughly the same rate with iodine 
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Temperature = 580° C. Hj ==: 300 mm., Og = 150 mm. 


XHameter of 

Oouoentration 

Times tequired for 20,40 and 80 mzn. 
pressure obange. 

vuiw^i 

of iodine (mm.). 

: <>.. 

Uo. 

^80. 

3-2 

1 

0 

l-0(i 

1 t if 1 

1 1 55 

j 0 60 

f tt 

1 1 41 

f // 

11 54 

4 11 

4*9 

0 

1 

Explosion 



1-66 

j 0 33 

1 i » 

1 2 50 

7-5 

0 


Explosion 



1-60 

0 43 

1 26 

t 

, 3 30 

1 


Permanent changes in the bulb surface caused by exposure to iodine were 
observed, and greatly increased the difficulty of the experiments. The total 
rate of reaction drifts: for example, the time required for 20 per cent, reaction 
of a mixture of 200 mm. hydrogen and 100 nun. oxygen in an unpacked silica 
bulb at 540° C. decreased from 16 minutes 45 seconds to 1 minute 45 seconds 
in the course of about 20 experiments. In a packed bulb the rate drifted in 
the opposite direction. A possible change in the explosion pressure following 
exposure to iodine has already been referred to. 

Comparison of Inflymce of Decomposition Products of Isopropyl Iodide with 
that of Iodine produced from Hydrogen Iodide. 

In order to prove that the effects are due to iodine and not to the hydro¬ 
carbons from the isopropyl iodide, experiments were made with iodine pro¬ 
duced by oxidation of hydrogen iodide in the reaction vessel; the hydrogen 
iodide was prepared by heating potassium iodide with syrupy phosphoric 
acid. The results, given below, show conclusively that the iodine alone is 
responsible. 

(1) Upper Critical Explosion Limit. 


Large unpsoked silica bulb. Temperature ==» 507° C. 


Amotmt of iodine a.s iieroentage of total pressure. 




Explosion pressure 



(mm. of mercury). 

From isopropyl iodide. 

From hydrogen iodide. 

! 

0 

: 0 

60 

0*0033 

— 

No explosion 

— 

0 0033 

No explosion 

0*00083 


22 


0*00083 1 
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(2) Surface Beaction. 


S|>hero-pack«d silica bulb. Temperature <= 600^ C. 400 mm., 0^ 200 mm. 


Amount of iodine as percentage 
of total pressure. 

Times required for 10 per cent., 26 per cent, 
and ISO per cent, of complete reaction. 

From 

isopropyl iodide. 

From 

hydrogen iodide. 

^10 per cent. 

l25 per cent. 

^60 por eeut. 

0 

0 

* / 

2 6 

7 0 

/ a 

20 40 

0167 

— 

0 28 

1 10 

2 66 

* — ‘ 

0167 

0 30 

1 10 

3 2 


(3) High PresBure Gas Beaction. 


Large unpacked silica bulb. Temperature = 560° C. Ht •= 200 mm., 0, •> 100 mm. 


Amount of iodine as percentage 
of t.otal pressure. 

Times required for 10 per cent.* 26 per cent, 
and 60 per cent, of complete reaction. 

From 

isopropyl iodide. 

From 

hydrogen iodide. 

1 

1 

ilO per cent. 

1 1 

per cent. 

1 1 

t 60 per cent. 

0 

0 

f ft 

0 48 

/ // 

1 30 

/ ff 

2 40 

0-6 

— 

1 17 

3 15 

7 46 

— 

0-5 

1 26 

3 37 

8 36 

00167 

— 

4 0 

11 16 

—. 

—' 

0 0167 

4 17 

i 

11 37 



Mecliamsm of the Aelion of Iodine, 

At 550° C. the equilibrium H, + Ig 2H1 is rapidly established, but in 
presence of oxygen the equilibrium 4HI + Og — 2HgO + 21, lies very far to 
the right. The existence of these two processes suggests at once a simple 
explanation of the mechanism by which the surface combination of hydiogw 
and oxygen is accelerated,* the effect being simply an example of "inter¬ 
mediate compound catalysis.” 

With regard to the inhibition of the explosion, since we have adopted the 

* A similar ootaljrsis may ooout homogeneously; but its oontribution to the total 
reaction must be more than oounterbolaneed by tbe simnltaneons inhibition of tha nmrmel 
chain nootion. 
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worldug hypothesis that the upper limit is determined by deactivation in the 
gas, we must suppose that active molecules propagating the chains are deac¬ 
tivated by collisions of the second kind ’’ between, for example, H 2 O 2 and 

; or destroyed in a chemical reaction such as Hg acHte 4* I 2 == 2HI, or, in 
terms of Haber’s theory, H + I 2 == HI + I- ^ also conceivable that the 
iodine prevents the escape from the wall of something necessary for the 
starting of the chains* 

The inhibition of the gas reaction at higher pressures may be due either to 
deactivation in the gas phase, as already ijidicated, or to an action of the 
iodine in increasing the chain-breaking efficiency of the walls. The fact, 
however, that the inhibited reaction tends to become independent of the 
dimemions of the vessel, in contrast with the uninhibited reaction, favours the 
first alternative, which we therefore adopt as our working hypothesis. 

In the next section we simply consider a deactivating ’’ collision with 
iodine without assuming an)rbhing more about its nature. It is hardly neces¬ 
sary to point out that the pronounced inhibiting action which minute amounts 
of iodine can exercise provides further confirmation, if any is needed, of the 
chain-reaction character of the combination. 

Efficiency of the DemlivaJtwy Colluiom with Iodine. 

hi the region of high pressure and temperature, where the inhibiting action 
of iodine is exercised, the chains by which the uninhibited reaction is propagated 
end principally on the wall of the vessel. For an active molecule with the 
molecular weight of hydrogen peroxide the diffusion coefficient through 300 mm. 
hydrogen and 150 mm. oxygen at 550^" C. is approximately 2*3, from the 
relation D ^ 1 /3 ul The time taken for a chain to travel from the centre of 
the bulb of radius 3*76 cm. to the wall is found from the Einstein equation, 
.X® 2D<, to be approximately 2*5 seconds. (For OH the value woxdd be 

1^8 seconds.) 

From the formula 

N<Jia2{87rRT (l/M^ f l/Mj)}* 

we find, taking as 3-5 X 10”*® cm., that an active molecule of molecular 
weight 34, would make 3-5 X 10® collisions per second with iodine at 1 mm. 
pressure. From fig. 1 it appears that the pressure of iodine required to reduce 
the rate to one-half of its normal value is 1*63 x 10"* mm. Thus at this 
pressure the total number of collisions with iodine made by an active molecxile 
on the way to the wall is 3*5 X 10® x 1*63 x 10"* x 2-5 s== 1*4 x 10*. 
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Now when tlie rate of reaction is reduced to one half, the chains must on the 
average be cut off at half their length. If normally they end on the wall and 
are never reflected, then when the rate is reduced to half there must have been 
on the average one effective collision with iodine on the way to the wall for 
each chain. The total number of collisions being 1*4 x IfH, the efficiency of 
a collision with iodine in breaking the chainInust be 0-7 X 10”*, If normally 
a chain is reflected backwards and forwards y times, then the efficiency is 
smaller still in this ratio. 

This small efficiency does not suggest a mechanism of deactivation by an 

elementaryreaction, in Polanyi’s sense (where each collision is effective) 
unless that elementary reaction is highly endothermic.*' At the present stage 
of knowledge it would be only guesswork to proceed further with theories 
about the details of a phenomenon, the general character of which, however, 
appears to be clear. 

SunmuiTy, 

The position of the investigation of the reaction between hydrogen and 
oxygen is summarised, and additional data are recorded about certain points 
previously studied. 

The surface reaction in vessels of silica and porcelain is found to be accelerated 
by iodine. 

The gas reaction occurring at relatively high temperatures and pressures is 
found to be retarded, and the explosion which normally occurs between certain 
limits of pressure to be inhibited. The amounts of iodine required are small. 
The efficiency of collisions with iodine in breaking chains is, however, found to 
be less than about 10**. 

Water vapour is found to lower the upper critical limit of the low pressure 
explosion region, and, in sufficient amount, to inhibit the explosion altogether. 

Commercial hydrogen appears to contain no inhibiting substances. 

We are seeking to elucidate the mechanism of the inhibition further by study¬ 
ing the action of other halogens on this reaction, and also the inhibition of the 
oxidation of hydrocarbons. 

We are greatly indebted to the Royal Society and to Imperial Chemical 
Industries, Ltd., for grants in aid of this work. 

* There are examples, however, of elementary reactions with small efficiencies. 
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The Diffraction of Electrons in Mermry Vapmir, 

By F. L, Arnot, Ph.D., Trinity College, Cambridge* 

(Communicated by Lord Rutherford, F.R.8.—Received January 20, 1931.) 

Introduotmi. 

Diffraction phenomena aa exhibited in the experiments of Davisson and 
Germer, G. P. Thomson, Rupp, Kikuchi, and others have demonstrat^ed in a 
very beautiful manner the wave nature of electrons. In these experiments 
the interference patterns found are due to a regular crystalline or molecular 
structure having a lattice spacing somewliat greater than the wave-length 
of the electrons employed. 

In experiments on the scattering of slow electrons in monatomic gases wi* 
might expect to obtain an electrical analogue of the optujal case when light 
passes through a cloud of minute water drops producing diffraction halos 
such as those seen around the sun or the moon, for the classical diameter of the 
scattering atoms will be only slightly greater than the wave-length of the 
electrons. 

Bullard and Massey in a paper now in course of publication have recently 
examined the scattering in argon of electrons of from 4 to 40 volts energy over 
an angular range of from 15"^ to 125®. They have obtained angular scattering 
curves showing one or two well-marked maxima and minima which are some¬ 
what similar to those representing the diffraction of light by a random dis¬ 
tribution of small scattering spheres. 

Previous work* on the angular scattering of electrons in gases has been 
confined to somewhat higher voltages and considerably smaller scattering 
angles (not exceeding 60®). The results show only a steady decrease in the 
intensity of the scattered current with increase of the scattering angle. 

The present paper deals with the angular scattering of electrons in mercurj" 
vapour over an angular range of from 18® to 126®. Results are shown for 
16 different velocities of the primary beam between 8 and 800 volts. All the 
curves show distinct maxima and minima, maxima of four different orders 
being obtained. 

* Dymond and Watson, ‘ Proo. Boy. Soc.,* A, vol. 122, p. 671 (1929); Haruwell, ‘ Phys. 
Bev./ vol 34, p. 661 (1929); Amot, ‘ Proo. Roy. Soc./ A, vol 125, p. 660 (1929); Green, 
‘ Phys. Rev.,’ voL 36, p. 239 (1930); McMilten, ‘ Phy». Rev.,’ vol 36, p. 1(134 (1930). 
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Apparatus, 

The apparatus used for this work has been fully described elsewhere,♦ and 
the reader is referred to this paper for a detailed accotmt of it. It will be 
sufficient to give here a diagram of the essential parts, fig. 1 . These are an 
electron gun consisting of the tungst-en filament, F, entirely enclosed within 
two cylinders containing two holes, 8 ^ and S^, each 1 mm. in diameter. The 
gun could be rotated about the axis 0 through nearly 360° by means of a small 
ground glass joint. The gun produced a sharp electron beam of about 1 mm. 
in cross section which did not appreciably diverge. The reason for this has 
been shown by the author in the paper mentioned above to be due to a radial 
potential gradient around the beam which holds it together. 



The receiving system consisted of three concentric cylinders containing the 
slits Sg, S 4 , Sj, and the concentric Faraday cylinder, K, within the inner 
shielding cylinder. The dimensions of these slits were respectively 8 mm. X 
0-2 mm,, 5 mm. x 0*2 mm., 2 mm. X 2 mm., and the three slits were equally 
spaced 5 mm. apart. The distance of S 3 from the scattering point, 0, was 
12 mm. The inside of the collision chamber was lined with the large nickel 
cylinder, L, 

A small difference of potential, V,, of about 6 volts was applied to the first 
two slits, S3 and 84, to stop positive ions from entering the Faraday cylinder. 
A potential of == (V^ + — 3) volts, where is the velocity of the 

primary electron beam, was applied between the next two dits, 84 and 85 , so 

♦ Arnot, * Proc. Roy. Soc./ A, vol 129, p, 361 (1930). 
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as to stop all but the elastically scattered electrons from being received. And 
finally a potential, Vh, of 21 volts was applied between the slit S 5 and the 
Faraday cylinder to prevent any secondary emission of electrons from the 
Faraday cylinder. The current in the electron beam was measured directly 
by the galvanometer, G. Beams of from 0*3 to 15 microamps were employed. 

The glass work was of pyrex, and the whole apparatus up to within a few 
centimetres of the ground glass joints was baked out at a temperature of 500® C., 
the joints being kept below room temperature by means of water coolers. 

The apparatus was connected through a liquid air trap to a diffusion pump 
backed by a Hyvac pump, and a good “ sticking ” vacuum was obtained on 
a sensitive McLeod gauge. The apparatus was quite vacuum-tight, showing 
a rise in pressure of less than 2 X 10“* mm. when left out-off for 24 hours. 
During a rim the pumps were kept going with no liquid air on the trap, which 
contained a little mercury at the bottom. The pressure of mercury vapour 
inside the apparatus was consequently that corresponding to room temperature, 
about 10 “* mm, of Hg. The mean free path of an electron at this pressure 
is about 30 cm,, so that the probability of an electron making two collisions 
before entering the Faraday cylinder was very small. 

Retarding potential curves, although not quite as sharp, were similar to 
those obtained by the author with an earlier form of apparatus.* The group 
represent^ the electrons which had been scattered elastically showed that the 
homogeneity of the primary beam was good, 86 per cent, of the electrons having 
a velocity within less than 2 volts of the mean. 

The authorf has recently made a detailed investigation of the passage of an 
electron beam through a field-free enclosure, and has shown that a small 
radial potential gradient is set up around the electron beam. It has been 
shownl that the effect of this gradient on electron scattering experiments is to 
introduce a small error into the angle of scattering. In the experiments 
described in the present paper this error is always less than the experimental 
error made in measuring the angle (about 1 ®). 

Results, 

( 1 ) Blank Tests in vacuo.-™-Liquid air was put on the mercury vapour trap, 
and the apparatus was baked out for 3 or 4 hours at 500® C. Several runs were 
then taken in mmo at various different values of Vo, the potential applied to 

* ^ Proo, Roy. Soo,/ A, voL 125, p. 660 (1929). 

t ‘ Proc. Roy. Soo./ A, vol 129, p. 361 (1980). 

{ ‘ Proc. OMh, Phfl. 800 .,* vol 27, p. 73 (1931). 
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the primary electrons. For all values of Vo. with the exception of a run at 
Vo = 8*6 volts, the current at all angles between5® and 125° was never more 
than a few per cent, of the scattered electron current obtained when mercury 
vapour at mm. was present in the apparatus. When \q was 8*6 volta 
the current in vacuo was about 30 per cent, of the scattered current in mercury 
vapour, between 75° and 125°, though for smaller angles it was very much 
less. For all values of the current in vaeuo between 60° and 125° was 
constant. In no curves taken in vacuo was there any trace of maxima or 
minima. 

(2) Angular Scattering in Mercury Vapour ,—^During each readipig of the 
electrometer the strength of the electron beam as recorded by the galvano¬ 
meter (G, fig. 1) was noted. The electrometer readings were then divided by 
the galvanometer readings so as to correct for any variation in the intensity 
of the beam. Generally this variation was not more than a few per cent. 
Readings were taken on both sides of the electron beam and the true angular 
zero was determined from the symmetry of the resulting curve. Fig. 2 shows 



Fio. 2.-"Angular Distribution of 379 volt Electrons (without sin 9 correction). 
Broken curve is a run in vacuo. 

a typical result for 379 volt electrons. The broken curve m a run taken in 
vacuo with the same intensity and velocity of the electron beam. To obtain 
the true variation of the intensity of scattered current with angle, 6, the ordinates 

* Corresponding to a temperature of 18^ C. Obtained from the International Oririoal 
Tables,” vol, 3, p. 206. 
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Fiq. 3.—Angular Distribution of Scattered Elootrons. Curves for 800,610, 480, 379, 
207, no and 82 volt Electrons. 
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Scattering- ang*le 


Fig. 4.—Angular Diatribution of Scattorod EkMjtrons. Curves for 54« 46, 41, 30, 23, 10, 

14 and 8*6 volt Electrone. 

of fig, 2 must be multiplied by sin 0 in order to take into account the change in 
the eoattering volume with angle. This may be readily seen from fig. 1, for 
the effective length of path for collision is the length of the electron beam inter- 
oepted by the beam entering the Faraday cylinder which is defined by the slits 




662 


F. L. Arnot. 


S 3 and S 4 . If d is the width of this beam where it intersects the electron 
beam, then the effective length of path for collision is d/sin 0. The value of 
d is I'lG mm. 

The results for 16 different velocities of the electron beam, from 8*6 to 800 
volts, are shown in figs. 3 and 4. All these curves have been corrected for the 
above mentioned change of scattering volume with angle. They have all been 
reduced to a standard pressure of 10“* mm. of Hg,t and a standard electron 
beam current of 7*4 microamps. The ordinates represent the current received 
by the Faraday cylinder in units of 10 “^^® »nips. Table I gives the ordinates 
in these units at intervals of 6 "^ from 18° to 126'^. In comparing these curves 
it should be noticed that fig. 4 has been reduced to half the scale of fig. 3, and 
that the ordinates of the 8 • 6 volt curve in fig. 4 have been still further reduced 
by factor of 10 . 

Fig. 6 shows the small angle scattering of 82 volt electrons. The ordinates 
of this figure are also in units of 10 ”^ amps. The points represented by dots 



Fia, 6. — Angular Distribution of 82-volt Electrons. Broken curve is a run in 

are those obtained with the present apparatus ; those represented by circled 
are taken from a curve which was obtained with an earlier type of apparatus, 
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and whicli has already been published.* The circles have been fitted to Idhe 
curve through the dots at 30®. The broken curve is a run tjiken in vacua with 
the same intensity and velocity of the electron beam. In this earlier work 
attention was mainly confined to the small angle scattering (6® to and 
results up to 56® only were published. Two runs were, however, taken at 
larger angles, and in both these curves there is evidence of a slight hump with 
a maximum at about 90®. The height of this hump was just about the size 
of the experimental error, and owing to trouble being experienced with the 
oxide coated filament used in the earlier apparatus it was not possible to increase 
the intensity of the scattf^red current at 90® sufficiently to determine if the hump 
was genuine. Moreover, as the maximum of this hump appeared at 90® it 
was thought that, if genuine, it might be connected in some way with the 
strong positive drift noticed at large angles which also reached a maximum at 
90®, and it was consequently left until this positive drift was further investi' 
gated. This has since been done, and the drift shown {loc. cit,) to be due to 
positive ions accelerated out of the electron beam at right angles to it by a 
radial potential gradient set up aroimd the beam by space charge. In the 
present apparatus provision was made for stopping these positive ions by 
inserting an extra slit in the receiving system. 

The AbsohUe Scattering, 

In trying to determine the absolute scattering, t.e., the number of electrons 
scattered through an angle, 0, per unit solid angle from a primary beam of 
known intensity after travelling unit distance through a gas at a given pressure, 
one is faced with the difficulty that the effective area of a slit for slow electrons 
is not necessarily its geometrical area. However, an estimate of the absolute 
scattering which is probably correct to witliin 60 per cent, can be made by 
taking the effective area of a slit to be equal to its geometrical area. Another 
difficulty is encountered in determining the solid angle in which electrons are 
collected by the Faraday cylinder. If the angle between the two extreme 
rays entering the Faraday cylinder in a vertical plane be dO, and in a horizontal 
plane be then the Faraday cylinder receives electrons scattered in a solid 
angle dO d^. The angle d0 is defined by the width of the slits and S* and 
is about 4*6®. The angle d^ is defined by the slit and the width of the 
electron beam which cannot be deternouned accurately. If the width of the 
electron beam is taken as 1 mm,, d^ is equal to 7*8®, and therefore the solid 

* Amot,' Proc. Roy. Soo./ A, vol. 125, p. 660 (1929). 

VOL. CXXX.~A. 2 X 
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angle in which electrons are received by the Faraday cylinder is 8 • 7 X lO*** 
of the total solid angle around a point. We now have the following data for 


all graphs in this paper :— 

Unit ordinate of graph. 10”^ amp. 

Electron beam current. =7-4x 10“^ amp. 

Solid ai^le for collection of electrons. == 8*7 X 10"*. 

Length of path for collision. =0*116 cm. 

Pressure . = 0*001 mm. of Hg. 


Therefore the number of elastically scattered electrons per unit primary 
electron, per unit solid angle, per centimetre path, per unit ordinate of graph, 
at a pressure of 0*001 mm. of Hg is equal to 1 *34 X 10"*. Thus an estimate 
of the absolute scatt/cring can be found from Table 1 by multiplying by this 
factor. In Table II the absolute scattering of 82 volt electrons determined 
by the present apparatus and calculated from fig. 6 is compared with the 
values obtained by the earlier apparatus, and which have been calculated from 
data given in my former paper.* It will be seen that the agreement is very 
satisfactory. 

Table IL-—Single scattering of 82 volt electrons in mercury vapour. 1^ (6) 
is the number of electrons elastically scattered through an angle, 0, per 
unit solid angle, per primary electron, per centimetre path, at a pressure 
of 0*001 ram. of Hg. Ij (6) is the corresponding quantity obtained with 
the earlier form of apparatus. 


0, 1 

ii(tf)- 

1,(0). 

0 i 

6 

1 

i 

0 126 

10 1 


0*0516 

16 

0 0237 

0-0242 

20 ! 

0 0182 

0 0144 

25 1 

0-0084 

0*0088 

30 ! 

0-0066 

0-0000 

35 1 

0-0036 

0-0041 

40 

0-0021 

0-0027 

45 

0-0014 

0-0019 

60 

0-00086 

0-0014 

55 

0-00064 

0 00076 

00 

0-00030 

0 00050 


* IxK, (M. These valuee were originally calculated by Compton and Langmuir from 
the Boattedng curve given in my paper (see * Bevs. Mod, Phya./ voL %, p, I hate 

xecaloulated the values, using the original curves, and have added values for three more 
angles. 
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Discussion, 

It is seen from figs. 3 and 4 that all the scattering curves show well marked 
maxima and minima* As the velocity of the primary electron beam is increased 
the peaks in general move in to smaller angles imtil finally they can no loziger be 
resolved owing to the rapid increase of scattering at very small angles. The 
two distinct maxima in the curve for 19-volt electrons both eventually become 
lost in the main peak at 0°, the first between 46 and 54 volts, and the second 
between 610 and 800 volts. 

If we treat the scattering gas as a random distribution of small rigid spheres, 
then by analogy with the optical case we should expect the diffraction maxima 
to move in to smaller angles as the wave-length of the incident waves is 
decreased, e.g,, as the velocity of the incident electrons is increased. If the 
effective diameter of the. scattering atoms is also a function of the velocity of 
the incident electrons, then the direction of movement of the diffraction maxima 
will depend upon that function. Blackett* has shown from a consideration 
of dimensions that this function depends upon the law of force in the atom. 
For an inverse square law of force the effective diameter of the atom varies 
inversely as the square of the velocity, and consequently the diffraction maxima 
in this case would move out to larger angles as the velocity of the incident 
electrons was increased. If, however, the atomic forces vary inversely as a 
high power of the distance, such as is the case in the outer regions of the mercury 
atom, then the effective diameter of the atom is approximately independent of 
the velocity, and we should therefore expect the diffraction maxima to move 
in to smaller angles with increasing velocity of the incident electrons, as is 
found to be the case. 

The angular position of the maxima axe given in Table III, where for the 
purpose of comparison the inner peak in the 19 volt curve has been taken as 
the fixst order maximum. 

It will be noticed that on increasing the velocity of the incident electrons 
the second order maximum at first moves in to smaller angles. At Vq =: 19 
volts it begins to move out to larger angles until Yq = 46 volts, when it again 
changes direction and moves in steaidily until it becomes lost in the main peak 
at 0®. This change of direction of movement between 19 and 46 volta is 
probably due to a hump in the cross section curves for mercury vapour which 
ooours in the region of this velocity.f This effect will be discussed shortly 
in a letter to * Nature/ 

* Blackett, ' Proc. Camb. Phil. Soo.,* voL 23, p. 698 (1927), 
t See Erode, * Proc. Roy. Soo.,* A, vol. 125, p. 134 (1929). 
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Besides the position, the relative intensity of the peaks is of considetable 
interest. The fourth order maxiinuin which appears in the 610 v(dt and tite 
800 volt curves appears to be slightly higher than the third order maarimam 
in these two curves. 


Table III.—Angular Position of the Maxima in the Scattering Curves. 


Velooity of |nimary eleotrons in yolt«. 
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As the velocity of the primary beam is decreased from 800 volts the intensity 
of the peaks in general increases until is about 30 or 40 volts, after which 
the peaks appear to decrease in height and become less sharply marked. In 
the 14 volt curve the peaks are just perceptible, and appear to be superimposed 
upon a large background of almost uniform scattering. The rdatively large 
scattering at large angles observed in the 8*6 volt curve is probably due to the 
rapid increase in the cross section of the atom for electrons of about this 
velocity.* 

Bomf has developed an approximate theory of the scattering of electrons 
by atoms. This theory does not take into account the distortion of the 
incident wave by the atomic field, and caimot therefore be applied to the 
scattering of slow electrons, since for slow electrons the wave-length, which 
varies with the reciprocal of the velocity, will be oonsidetably altered by the 
field of the atom. By taking this change of wave-length into account Holts- 
mark| has successfully accounted for the Bamsaner effect in aigon and krypton; 
but Oppenheuner§ has pointed out that an exact solution of the problem must 
also include the effect of interchange between the atomic and impacting 
electrons. The results described in this paper should provide a definite test 

* See Brode, ‘ Proe. Roy. Soo.,* A, voL 126, p. 134 (1923). 
t ‘ Z. Phyaik,’ voL 38, p. 808 (1926). 

t ' Z, Phyeik,’ voL 66, p. 487 (1929); iM., voL 66, p. 49 (1980). 
t ‘ Phys. Rev..' vol 32, p. 361 (1928). 
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of the complete wave theory treatment of collisions when the (iistortion of the 
incident wave by the atomic field, the effect of polarisation of the atom by tite 
incident electron, and the interchange effects can all be taken into account. 

Summary. 

An investigation of the angular scattering of electrons in mercury vapour 
over an angular range of from 18° to 126° is described. Results are shown 
for fifteen different velocities of the primary beam between 8 and 800 volts. 
All the scattering carves show distinct maxima and minima, maxima of 
four different orders being obtained. An estimate of the absolute scattering 
is given. 

The absolute scattering of 82 volt electrons between 15° and 60° has been 
re-determined, and the results are in good agreement with the author’s 
earlier work between this range. The work is at present being continued 
with other gases. 

In conclusion, I wish to express my thanks to Lord Rutherford and Mr. 
P. M. S. Blackett for their interest and advice in this work, and to Mr. C. B. 
Mohr for his assistance in taking some of the readings. I am also indebted to 
Trinity College for a research grant from the Rouse Ball Fund. 
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On the Variability of the Quiet-Day Diurnal Magnetie Variation, 

Fart II. 

By S. Chapman, F.R.S., and J. M. Stacmj, M.A., B.Sc. 

(Received December 16, 1930.) 

Introdtictim. 

1. This paper is a sequel to our former one* relating to the daily magnetic 
variation, on really quiet days, at Eskdalemuir and Green'wich. Here we 
extend the investigation to four more magnetic observatories; the principal 
relevant particulars for the whole six observatories are as follows 


Table 1. 


Observatory* 

Abbrevia¬ 

tion* 

Geographical 

latitude. 

Longi¬ 

tude. 

Magnetic 

latitude. 

H. 

Z* 

l)eo. 

iSikidlaleinuir ... 

£ 

0 

553K 

0 

3*2 W 

o 

68*6N 

16700 

46100 

o 

nw 

Green wioh . 

G 

1 516N 1 

0*0 1 

64*0 N 

18400 

43200 

14 W 

Bbro . 

Eb 

40-8N 

0‘5E 1 

43-OK 

23300 

36800 

12 W 

San Fernando. .. 

8F 

36-6 N 

6*2 W 

41 ON 

26000 

34000 

14 W 

Batavia . 

B 

6*2 8 

106*8 E i 

18*08 

36700 

-22600 

IE 

Maaritltuf . 

M 

2018 

67*6 K ! 

26*6 8 

23100 

-30300 

low 


The last three col umn s give approximate mean values of the three magnetic 
elements, H (horizontal force), Z (downward vertical force) and declination. 

The stations range over 75° of geographical latitude, and 86° of magnetic 
latitude latitude with respect to the earth’s magnetic axis). 

1.1. Fuller knowledge and understanding of the daily magnetic variations 
cm quiet days is obtainable along three main avenues; one is the detailed study 
and inteioomparison of the data directly afforded by the various observatories; 
another is their representation and discussion in mathematical terms, par¬ 
ticularly by means of spherical harmonic functions; l^e third is by hypotheticid 
enquiry into their physical causes. All three methods are useful and necessary, 
but the first two must precede the third. The second method is indispensable 
in certain directions, but it has the disadvantage that nature will not readdy 

* » On the Variability of the Qaiet<day Diurnal Magnetic Variation at Bekdalemiir and 
Oreenvioh," ‘ ftoo. Roy. Soo.,’ A, vol. 123, p. 27 (1929). 
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be fitted to the procrosteaQ bed of onx mathematical foniittlee, and to render 
the analysis practicable, some features of the phenomena have to be ignored 
or averaged out. For some purposes, therefore, the first method is the only 
suitable one, despite the enormous labour of computation involved in it—a 
labour little to be suspected, by one unacquainted vnth geophyiucal investiga¬ 
tions, from the appearance of the results finally presented. This is the method 
here followed. The main, though not sole, object of the enquiry has been to 
determine whether the day-to-day variability of the daily magnetic variation 
is a local or a world-wide phenomenon. 

1.2. The former paper showed that there was considerable, though not 
complete, parallelism between the day-to-day variations at Eskdalemuir and 
Greenwich, which are only a few degrees apart. The present paper examines 
the same question for observatories over a wide range of latitude, but chosen 
to be as near together in longitude as the distribution of magnetic observatmies 
will permit. To obtain southern stations it was necessary to depart rather 
far from the Greenwich meridian. In a later paper it is intended to examme 
the question expressly for observatories well spaced in longitude. 

1.3. The present limitation in longitude was imposed because the days to 
which the investigation primarily refers are Oreeninch days; they are chosen 
as having international character figures 0 ■ 0 or 0 ■ 1 (denoting extreme magnetic 
quiet), and these figures relate to the Greenwich day. 

1.4. In a later paper we hope to present an extension of the results given 
in our former paper (§§ 19-21) on the relation between the daily range on very 
quiet days, and the non-cyclio variation and the departure of the daily mean 
from the monthly mean. 


Description of the Original Data. 

2. In the period 1913-1923 covered by our work, the following were the 
elements for which the various observatories gave published data:— 


^ 1 

j 

G 

1 

1 

Kb 

1 

8F 

» 

M 

N, W, V 1 

V 

H.D.V ! 

H.D 

N. E. V 

1 

H.D,V 


* Bxoept that H wu reoordsd instead of N in 1013,1014. 

Here N, W, E denote north, west or east force respectively, D the westerly 
(in angular measure) and y the vortical force, positive downwards 


at B, G and Bb, and upwards at B and M. 
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All D data have been converted into force units, but H and D (force) data 
have not been transformed into N and W. In some of the tables, however, 
they are referred to as N and W (from which, at the stations considered, they 
do not differ much) in order to avoid having multiple headings for rows and 
columns. Actually, however, N denotes H at Eb, SF and M, while W denotes 
D except at E and B ; the east force at' B has been reversed to obtain W. 
The choice of N and W for this purpose of notation is to indicate, at sight, at 
least the approximate direction to which the force refers. 

2.1. Except for occasional days of lost record, each of the six observatories 
provides data for the whole period 1913-1923, save in the case of M, for which 
no data for 1913 and 1914 are published. No V data, however, are available 
at SF. 

At E the published hourly values are means centred at exact hours of 
Greenwich moan time (G.M.T.). At Q during 1913 and 1914 small irregularities 
in the magnetograms were first smoothed out, and then instantaneous values 
were read off; from 1915 onwards, the hourly values are means for the intervals 
between successive exact hours of G.M.T. At Eb, SF, M and (to the end of 
X919) at B, instantaneous values for the hours of local mean time are published ; 
hrom 1920 the B values are hourly means centred at the half-hours of standard 
Thean time, 7 hours in advance of G.M.T. Fortunately the distinction between 
hourly values and hourly means is unimportant on the very quiet days here 
considered. 

2.2. The data discussed in this paper consist of the daily ranges R, in force 
units (1 y) : that is, the range in the 24 published hourly values for each day ; 
on quiet days this will be nearly identical with (but slightly less than) the 
actual range between the extremes for the day. 

The local day at M is 4 hours in advance of the Greenwich day, and therefore 
B in any element at M is not exactly comparable with that for a station on 
the Greenwich meridian; however, the maxima and minima in all three 
elements at M, on quiet days, usually fall within the period common to the 
Greenwich day and the local day at M. 

At B the local time is 7 hours in advance of Greenwich, but here also, in 
W, the extreme values on quiet days luuidly hdl in the period common to 
the G and B days, the times being roughly 3h. and 9h. G.M.T. (enr lOh. and 
16h. B.M.T.). In N the time of maximum is about 4h. G.M.T. or llh. 
but the minimum falls about equally often near 9h. G.M.T. (16h. or 

^6h. G.M.T, (Ih. B.M.T.). In V the mtnimnm ocouis at about 6h. G.M.T. at 
13L B.M.T., but the maxima occur round about ei^r (tti. or 12h. br 



671 


Quiel-Day Diurnal Magnetic Variaiion. 


G.M.T. In all cases, however, for N, W and V, the value of R has been talcen 
from the Batavia local day, overlapping the Greenwich quiet day for 17 hours, 
but including a previous 7 hours not in the Greenwich day. 

The Quiet Days. 

3. The quiet days used here, as in our former paper, include all those of 
international character figure 0-0 or 0*1, in the well-developed sunspot cycle 
1913-1923. The number of days of each kind per year (all months) or month 
(all years) is given in Tables I, II of our earlier paper. A remarkable circum¬ 
stance regarding these days (819 in all), which was not there noted, is that less 
than a third of them are isolated—the others fall in groups of two or more 
consecutive days. The distribution of the days in each year, in this respect, 
is indicated in Table II. The distribution is given also for all years, and for 
the two groups of years of greater and less sunspottcdness formerly considered 
by us, and denoted by the symbols Q and Q I these years are, for Q, 
1915-1919 (6 years, mean sunspot number 70*5), and for Q, 1913,1914,1920- 
1923 (6 years, mean sunspot number 15-8). When a group of conseoutave 
days overlapped from one year to the next, all the days in it were for the 
purpose of this table reckoned as belonging to the former year; this occurred 
in 1917-1918, where a pair overlapped from one to the other; hence the 
total for 1917 includes one day more, and for 1918 one day less, than in the 
Table I already quoted. Likewise 1913, January 1, was a member of a pair 
beginning in 1912, outside the period covered in this investigation ; hence this 
day was omitted in forming Table II, which consequently refers to 818 instead 
of 819 days. 


Table II.—^Distribution of Sequences of Selected Quiet Days. 



1918 1914 1915 1916 1917 1918 1919 1920 1921 

1022 1923 

Q 

□ 

AU 

AUO O md 0*1 dftyH : 

n 

07 

02 

50 

60 

50 

50 

76 

61 

60 

08 

332 

488 

818 

Number of ieolatod day# 

80 

10 

27 

22 

20 

15 

25 

23 

27 

16 

18 

118 

133 

251 

of 2 day# . 

u 

10 

13 

6 

10 

8 

14 

13 

6 

10 

17 

51 

76 

127 

„ 8 . 

8 

7 

3 

7 

3 

5 

1 

3 

6 

4 

10 

10 

38 

57 

4 „ . 

3 

2 

4 

1 

1 

8 

— 

2 

1 

1 

4 

0 

13 

22 

St ^ If ... 


1 

— 

— 

1 

— 

.— 

2 

— 



1 

3 

4 

*» ® if . 

— 

2 

1 

— 

— 

— 


— 

— 

— 

— 

1 

2 

3 

» 7 .. 

1 

— 

— 

.— 

— 

— 

— 

— 

-- 

— 

—. 

0 

0 

0 

_ *» '**■ a .. 1 

1 

— 

1 

— 

-— 

,— 


— 


1 


1 

1 

2 

Number of pottdble paim 

30 

50 

43 

23 

23 

27 

16 

83 

21 

28 

49 

132 

220 

352 
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It will be seen from this table that tbera are actually two tequenoes of 8 
conseoutive very quiet days, three of 6 days, and four of 5. The sets of 8 days 
were 1915, July 14 to 21, and 1922, December 16 to 23; and of 6 days, 1914, 
April 29 to May 4; 1914, November 20 to 25; and 1915, June 1 to 6. 

The percentages of days falling in sequences of 1, 2, 3, ... 8 days were as 
follows:— 

Table III. 


Number of days in sequence : 

1 

2 

3 

4 

5 

6 

7 

8 

Percentage of days— 

Q . 

36 

31 

17 

11 

2 

2 

0 

2 

years . 

1 

27 

31 

23 

11 

3 

2 

0 

2 

31 

31 

21 

11 

2 

2 

0 

2 


The number of very quiet days per year in Q years is slightiiy leas tiian that 
in O years, but there is no great difference between them as regards distribution 
in sequences, though long series are naturally somewhat loss common near 
sunspot maximum. 

In the last row of Table II the number of possible pairs of consecutive quiet 
days available in each year (as required for later work—§ 10) is indicated. 
The distribution of the possible pairs according to months was as follows: 
the letters ns, e, w denote, as in our former paper, (northern) summer, equinox, 
and winter, or May to August; March, April, September, October; and 
November to February. 

Table IV. 


J 

F 

M 

A 

M 

J 

J 

A 

S 

0 

N 

D 

ns e w 

25 

28 

22 

30 

34 

82 

41 

19 

22 


40 

41 

126 102 124 


This table shows no marked aimual variation in the aggregation of quiet days 
into sequences. 

The average length of a sequence (including each of the 251 isolated days as 
sequences) is 1'75 day (all years), or 1*66 day in Q years, 1*83 day in Q 
years. 

Examiiuition of tiie days immediately preceding or succeeding the 251 
isolated quiet days showed that 109 (or 43 per cent.) had an adjacent day of 
character 0*2, and a further 58 (or 22 per cent.) had one of character 0'3. 
Thus if the definition of a pair of quiet days were extended to include 0*2 ” 
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<i*ys, only 142 (or 17 per cent.) of our 818 days would be isolated, and only 
84 (or 10 per cent.) if ** 0*3 ” days also were included. 


The Mean Ranges R. 

4. The first stage of the work (consisted as before in the determination of 
the mean ranges R for each year (all months), given in Table V, and for each 
month (all years), given in Table VI. In forming these means, the mean 


Table V.—^Mean Range for each Year (all months). Unit 1 y- 


Year: 

1913 

1914 

1915 

1916 

1917 

1918 

1919 

1920 

1921 

1922 

1923 

Q 

o 

All 

Sons pot 
ntunberu: 

1*4 

9-6 

47*4 

57*1 

103*9 

80*6 

63*6 

37*6 

26*1 

14*2 

6*8 

70*5 

15*8 

40*7 

R(EbN) . 

24*5 

23*5 

29*4 

32*4 

32*9 

28*1 

28*1 

28*1 

24*2 

23-9 

21*4 

30*2 

24*3 

27 0 

R(BbW). 

44-2 

43-2 

54*0 

61*0 

67*9 

56*2 

54*7 

52*5 

48*3 

39*6 

41*0 

58*8 

44*8 

5M 

R(KbV) . 

22 0 

210 

22*4 

29-3 

41*3 

30*8 

27*6 

28*9 

24*8 

20*8 

22*0 

30*3 

23*3 

26*4 

R(SFN) . 

25*5 

26-5 

31*8 

39-5 

87 2 

32*9 

31*7 

31*4 

28*2 

27*6 

26*7 

32*6 

27*6 

29*9 

R (8F W) . 

42*8 

41*7 

61*6 

62*8 

66*9 

56*4 

46*8 

53*7 

46*8 

36*8 

39*6 

54*9 

43*6 

48*7 

I (BN) . 

38 4 

40*1 

60*9 

49*1 

59*7 

67*9 

56*7 

48*2 

45*2 

39*8 

39*2 

64*9 

41*8 

47*7 

ft(BW) . 

36*5 

36-6 

44*5 

48 4 

50*4 

47*8 

48*7 

40*9 

44*3 

38*9 

34*9 

47*0 

38*7 

42*4 

R(BV) . 

261 

256 

32*1 

33 0 

43*7 

37*2 

38-0 

30*8 

27*7 

27*1 

23 4 

36*8 

26*6 

31 2 

R(MN) . 



28*1 

27*3 

32*2 

27*9 

29*3 

28*6 

26*7 

24*8 

22*0 

29 0 

26*5 

27*4 

R(MW) . 

— 

— 

44*2 

46*1 

58*1 

59*2 

62*7 

45*6 

44*2 

42*7 

37*6 

52*1 

42*5 

47*8 

R(MV) . 

— 

'— 

21 2 

23*6 

23*7 

21! 

19*8 

20*8 

21*8 

19*3 

20*3 

21*9 

20*5 

21*8 


Table VI. — Mean Range for each Month (all years). 

Unit 1 y. 




Jan. 

Feb. 

Mar. 

Apr. 

May 

June 

July 

Aug. 

Sept* 

Oofc. 

Nov. Dec. 


l^(XbN) . .. 

24*6 

22*7 

21*6 

25*9 

29*7 

30*0 

35*0 

39*6 

33*9 

24*2 

19*8 

20*8 


fi (Eb W) .... 

32*3 

36*0 

53*5 

65*2 

60*4 

65*0 

650 

61*5 

59*8 

54*1 

37*0 

26*7 


S(BbV) .... 

16*4 

21*0 

30*9 

35*5 

83 0 

33*4 

31*1 

27*7 

25*4 

28*9 

19 9 

14*5 


K(SFN) .... 

28*1 

28*1 

28-3 

28*9 

36*7 

321 

37*9 

36*7 

33*9 

32-2 

23*0 

23*3 


S (8F W).... 

36*8 

36*3 

49*8 

60*1 

C60 

58 5 

60*6 

59*1 

55*2 

49*3 

89*0 

30-8 


S(BN) . 

45*7 

48-4 

53*3 

53*9 

45*7 

42-4 

45*4 

50*3 

53*3 

51*9 

41*1 

41*4 


S(B W) 

54 3 

66*0 

41*9 

36*9 

31-2 

26*7 

31*3 

40*4 

44*8 

51*7 

48*2 

47*1 


lE(BV) .... 

86-2 

37*9 

36*6 

85*0 

25*0 

23*5 

21*5 

24*7 

32 1 

41*0 

32*2 

50*0 


R(M») . 

28*1 

28*6 

29*9 

29*1 

23*7 

26*6 

26*1 

26*7 

23*4 

28*9 

31 <0 20-3 


&(MW) .... 

*49*0 

as-3 

55*4 

49*4 

38*8 

31*2 

38*8 

44*9 

52*8 

54*5 

51*0 46*3 


R (M V).. 

19*8 

32*3 

25*1 

23*0 

18-7 

17*2 

2M 

23*0 

26*1 

22 0 

17*0 

18*9 
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range for each montli in each year was given equal weight, however many w 
few quiet days it included; no distinction was made between 0*0 and 0*1 
days. The results are illustrated in figs. 1 and 2, which also indude die 



Fio. 1.—Solar Oyolio Variation of B. Fm. 8.—^Annual Variation of B. 

curves for E and Q, for which the values of (not repeated here) were given in 
Tables 1, U of our former paper; those tables also indicate the number of 
days involved in each mean value, thon^ only approxiinately, beoanse the 
number is not the same for every observatory and element, owing to occasional 
loss of record or (for M) unavailability of data. 
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4.1. The values of R may usefully be discussed in relation to the system 
of overhead electric currents that could, and probably does, produce the 
quiet-day solar diurnal magnetic variation S^. But reference to these currents 
need not imply the adoption of any particular hypothesis concerning the 
physical cause of the daily magnetic variation ; if desired, the diagram of the 
equivalent current-system may be regarded merely as a simple and con¬ 
venient representation of the distribution of the magnetic-variation field. 

The diagrams of the current-systems, reproduced here as figs. 3 and 4, are 




Fia. 4. 
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due to J. Bartels.* They were constructed in accordance with S. Chapman'sf 
spherical harmonic analysis of the 8^, field (for a sunspot minimum year, 
1902), and are therefore somewhat idealised; in particular, the variations 
were supposed to depend only on local time, the obliquity of the earth’s magnetic 
axis being neglected. Hence in comparing results for our six observatories 
with this diagram, the magnetic rather than the geographical latitude of the 
observatories should be borne in mind. 

Fig. 3 refers to the equinoctial period, and fig. 4 to the northern summer. 
The diagram for thu northern winter is obtainable by inverting tig. 4 about the 
equator. The linos and arrows in these diagrams indicate the direction of 
flow of current, and arc drawn at intervals such that between adjacent lines 
the current-flow is 10,(XK) amperes. The circles of latitude, and meridians, are 
indicated by straight lines, and the latitude and local time are shown; the 
middle meridian, numbered 12, refers to noon. The current-system is 
stationary relative to the meridians of local time, i.e,, relative to the sun. 
The currents fall into four divisions, two in each (north or south) hemisphere 
at the equinoxes, though at the solstices the systems in the summer hemisphere 
invade the winter hemisphere also. In each hemisphere one set of currents 
is situated in the sunlit region, and the other, which is weaker but more 
extensive, extends over the night and part of the day region. The total current 
in each day system at the equinoxes is 62,000 amperes, and in the summer day 
system, 89,000. 

In considering these diagrams, the magnetic field at a point below the current- 
sheet, as at the earth’s surface, must be imagined.! Its horizontal component 
will be nearly at right angles to, and to the right of, the local direction of current, 
being northward when the current is eastward, eastward when the current is 
southward, and so on; and its intensity will be nearly proportional to the 
local current-intensity, which is indicated by the spacing of the current-lines, 
regard being had to the distortion of lengths in the map-projection used. The 
vertical component of the field is less easy to gauge from the diagram, because 
it depends not on the local current-intensity, but rather on the rate of space- 
variation of this current-intensity ; however, it will have its maximum near 

* J. Bartels, ‘ Naturwiss.,' vol. 18, p. 306 (1928), or ‘ Handbuoh exp. Physik,* voL 25 
(1928). 

t S. Chapman, ‘ Phil. Trans.,’ A, voL 218, p. 1 (1919). 

! This magnetic field also contains a part due to oanents induced in the earth by the 
outer current system. The internal currents inoreaee the H and decrease the V oomponente 
of the field of the outer currents, and alter the phase slightly; but in forming a general 
picture of the field, the inner currents may be ignored. 
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the foci, where tine current-lines shrink to a point, and in the day current- 
systems it will be opposite in sign to the V component of the main field. 

Further, to imderstand how the nature of the daily variations in the three 
elements at any station may be inferred from the diagram, the station must 
be imagined to move along a circle of latitude, from one local midnight to 
the next, and the variation in each element of the field during this passage, 
as indicated by the diagram at each point, must be noted. 

4.2. The mean ranges for the elements at the six stations are as follows ;— 



8tAtioii : j 

E. 

Table VII. 

i O. i Kb. I 

! I ! 

SP. 

B. 

M. 

R(N) ,, 


38 

' 33 : 

27 j 

30 

48 

27 

R (W) 


41 

j 43 

61 1 

4» 

42 

4S 

H (V). 

i 

16 

i 20 ! 

1 1 

26 1 

1 


.31 

! '' 


If fig. 3 were exact, K (N) should have a maximum at the equator, decreasing 
thence, at first slowly, to a low value near the current-foci, in latitude ± 40® 
approximately. With further increase of latitude, K (N) should again increase. 
This is borne out by Table VII; R (N) is greatest for B, the station nearest the 
magnetic equator, and is least for Eb, SF and M, which are nearer the foci; 
on going further northward to G and E, R (N) increases again. The minimum 
value, at Eb, is relatively higher than fig. 3 would suggest; this may be 
due to the obliquity of the earth’s magnetic axis. It may be noted that 
at about llh. (the longitude of the foci), N should have its niaximimi at stations 
between the foiu, and its minimum at .stations beyond them ; the other extreme 
should come in the night hours, and be somewhat indefinite. 

Tlie range in R (W), according to fig. 3, should be greatest in the latitude of 
the current-foci, where R (N) has its minimum ; this is borne out by Table VII. 
From the latitude of the foci, R (W) should decrease to north and south, but 
more so in the equatorial direction, because at the equator the daily variation 
in W changes sign, and R (W) should vanish. The field is not sufficiently 
simple and regular for this to happen; the reversal of the W-variation is 
effected through irregular transition stages in which R (W) does not vanish. 
Thus it is not much less at B than at Eb. 

Again, R (V) should vary like R (W), and this is roughly so in Table VII, 
except that its value at B is unexpectedly large. 

The values of R (V) are throughout smaller than those of R (N) and R (W); 
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this is because of the influence of the field of the internal induced current- 
system, already referred to in a footnote (|, p. 676)* 

Though R (W) and R (V) are similarly distributed in latitude, the daily 
variations of W and V are very different; V attains its minimum at about 
llh., the longitude of the current foci, while its maximum is a very flat one, 
the variation at night being small; W has its minimum at about 8 a.m., 
and its maximum at about 2 p.m. 

TAr Solar-cyclic Variations of Range. 

5. Fig. 1 shows that the variation from year to year of the annual mean 
range R throughout the sunspot cycle is by no means parallel at all stations 
and in all elements. The annual mean sunspot numbers are indicated by the 
uppermost curve ; sunspot maximum occurred in 1917. All the R curves 
also have their maximum in this year, except that for R (M W). But in several 
cases the rise to and decline from this maximum is accompanied by secondary 
maxima and minima that have no counterpart in the sunspot curve. Some 
of these features are open to doubt; for example, the minimum in 1916 in 
R (H) at SF is not paralleled at the adjacent station Eb, and likewise for the 
1919 minimum in R (W) at SF. The 1917 maximum of R (Z) at Eb is 
unexpectedly outstanding. 

The following table indicates the extent of the solar-cyclic variation of R; 
it gives the difference between R (Q) and R ( Q), the mean values of R during 
the Q and Q years of high and low sunspottedness (§ 3), expressed as a 
percentage of R, the mean of R over the whole period. 


Table Vlll.^-^Values of 100 {R (Q ) -- R ( O) }/R. 


Klement: 

N. 

W. 

V. 

Mean 

E. 

49 

42 

31 

41 

G. 

41 

47 

26 

38 

Eb . 

22 

27 

26 

26 

6F .1 

17 

23 


j (20) 

B. 1 

27 

20 

33 

27 

M .! 

1 18 ! 

20 

7 

13 

M«an .-.j 

28 j 

30 j 

24 

27 


The “means” in the table were derived from individual values taken to 
one more decimal place than is there given. 

The mean sunspot numbers for the Q and Q groups of years were respec¬ 
tively 70 and 16 ; or 70 and 21 for M, owing to the lack of two O years 1913^ 
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1914. The «mall solar cyclic variation at M is partly due to this smaller differ¬ 
ence in mean sunspot numbers for the two groups of years. Biit the table 
suggests that it is also partly due to accident or local peculiarity. On the whole 
W seems to be the element having the largest solar cyclic variation, and the 
higher-latitude stations 80 (?m more affected than the lower latitudes ; but the 
table is insufficient to establiali the reality of these differences, which would 
require miich more data, for several sunspot cycles. 

To determine whether R is systematically different in years of similar sun¬ 
spot number, but in the ascending and descending phases of the solar cycle, 
the two groups of years 1914-1916 and 1919 -1922 (mc^an sunspot numbers 
38 and 35) were compared. The sum of B for all elements and the five stations 
E, Q, Eb. SF, B (1914 for M not being available) was formed for each group of 
years ; tlie values obtained were 489*9 and 488-7, showing that R was practi¬ 
cally identical in the two cases. Thus R appears to be slightly greater, for equal 
sunspot numbers in the descending phase, but the difference is too small to 
be certainly real The conclusion to be drawn on this evidence is that R 
depends substantially on the mean sunspot number independently of whether 
this refers to the ascending or descending phase of the cycle. 

Similar sums of S were formed for the three groups of years (1913. 1923), 
(1914-1916, 1919-1922), (1917, 1918), of mean sunspot numbers 3*6, 36*6, 
92*7 ; they were 411-3, 489*4, 600-2, the corresponding mean R*s being 29*4, 
35*0, 42*9. The successive differences between these (5-6 and 7-9y) divided 
by the corresponding successive differences of mean sunspot numbers (33 and 
56) gave 0-17 y and 0*14y as the mean rate of increase of the mean R, per 
unit increase of sunspot number. Thus the rate is rather less in years of low 
than of high sunspot number, but the similarity of the two rates, 0*17 and 
0*14, is more noteworthy than their diffcrentJc. For a change of sunspot 
number by 100, R increases by about 16 y, which is about 40 per cent, of the 
mean R over the whole cycle (about 35 y), for these five stations. 

It may be added that mean values of R corresponding to the last three 
columns of Table V were formed for E, Eb, B and M (and for all the elementa 
there registered), using only isolated quiet days (§ 3). No significant differences 
from the values given in Table V were disclosed. 

The Seasonal Variations of Range. 

6, The mean ranges in the three seasooB ns, e, w (§ 3) are as follows :— 


2 Y 
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Table IX. 


Station: 


K. 


1 

1 

1 

1 

G. 


! 

t 

£b. 


.. .. 

1 

i 

SF. 



B. 

1 

1 M. 

i 

Season ; 

ns 

c 

w 

1 

; 

R 

w ' 

m 

0 

w 

1 

; m 

0 

w 

i IIB 


w 

ns 

e 

w 

B(N) . 

50 

43 

21 

41 

37 

22 

\ 34 

26 

22 

36 

28 

24 

1 46 

53 

44 1 

1 25 

28 

20 

B(W). 

1 55 

44 

23 

57 

48 

25 

1 63 

58 

33 

1 56 

54 

35 

32 

44 

51 1 

i 32 

44 

51 

B(V) . 

1 22 

16 

8 

26 

21 

13 

31 

! 

30 

18] 

1 


’ —- 

— ; 

24 

36 

34 I 

i 

20 

24 

20 


This table shows larger ranges in sununer than in winter for the four northern 
stations, as was to be expected, but the two southern stations do not in sH 
cases show the largest range in the southern sununer (northern winter w), 
namely in R (BN), R (BV) and R (MV). Since B and M are in lower (southern) 
latitudes than the lowest-latitude northern station SF, their seasonal changes 
should be smaller; the fact that they are not always in the expected direction 
is probably due to the seasonal shift of the current-foci (^. figs. 3, 4), wMoh 
particularly affects the seasonal variation at the stations between them. The 
present stations are not sufficiently closely spaced, however, to give a dear 
indication, by the seasonal means of R, of the seasonal movement of the fod, 
or of whether the seasonal changes at a station depend more on its geographical 
than on its magnetic latitude. 

The curves in fig. 2 show that the seasonal changes in R at the individual 
stations are not so r^ular as might be expected. The curious reduction in 
R (W) in May, already noted in our former paper for G and Q, is now seen to be 
paralleled also at Eb and SF ; but at these two stations R (N) does not share 
this May minimum, as it does at E and 6.' 

Some of the irregularities in the curves of figs. 1 and 2 may be due to errors 
of measurement, especially in the case of N and V, the measurement of which 
involves temperature corrections which are not always certainly known. 
But the R (W) data should be reliable, and the May minimum of B (W), inde¬ 
pendently shown by E, 6, Eb and SF, is evidence of this. The irregularities 
in figs. I and 2 must at least in large part be real, and show that the quiet- 
day diurnal magnetic variation S, is not a really simple phenomenon. 

The difference between E in summer (northern or southern, according to the 
station) and R in winter is shown in Table X as a peroratage of the mean B. 
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Table X. 


Element; 

N. 

! w. 

1 V. 

Mean. 

K. 

76 

! 

i 78 

93 

82 

a. 

68 

1 74 

66 

66 

Eb . 

44 

I 5B 

50 

61 

SF . 

40 

« ! 

1 _ 

(42) 

B. 

-4 

! 46 1 

32 

24 

M . 

16 

! 6S 

1 ^ \ 

28 

Memo . 

3S 

1 61 1 

1 (48) 

1 49 


This table well shows the natural increase, with increasing latitude, of the 
proportional seasonal variation. The means ” in Table X may be compared 
with those in Table VIII, which likewise show an increase with latitude. The 
figures of Table VIII refer to a sunspot-number difierence of 54 (except at M), and 
for a sunspot-number difference of 100 (corresponding to the change from sun¬ 
spot minimum to a considerable though not extreme sunspot maximum) should 
be nearly doubled; they would then be very similar to those of Table X, 

As in Table VIII, R (W) has the largest percentage variation ; the seasonal 
variation of R (V), however, exceeds that of R (N), whereas the opposite is 
the case for the solar-cyclic variation. 

The Nortncd Range R„, a^id the Ratio R/R^ or p. 

7. As in § 12 of our former paper, the next step was to construct curves 
representing the normal range, for each element at each station, for all days 
throughout each year. From these curves the normal value of the range, R,^, 
was read off for each of the 819 quiet days included in the investigation. The 
ratio p = R/R„ of the actual to the normal range forms the basis of the further 
discussion. This takes the place of the quantity AR, equal to 100 (R — R J/R, 
discussed in our former paper ; not only is p more easily calculated than AR, 
but it is also slightly preferable as a measure of the departure of the daily 
range from its normal value; p =»1 represents normality, and 100 (p — 1) 
the percentage departure from normality. 

The Mean Values o/100 1 p — 1 j. 

8. The degree of irregular day-to-day variability of R may be illustrated by 
Table XI, which gives the mean values of 1001 p — 1 ], or the mean numerical 
percentage departure of R from its normal value, for various subdivisions of 
the data. The E and G data of our former paper were recalculated in terms of 

2 T 2 
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p in order that the results for them might be given in a form strictly comparable 
with that of the results for other sta|ionB. 


Table XI. 


1 : ... 1 ... I ;. ! 


Station ; 


K. 

W 



G. 

V 

N 

Kb. 


SF. 

B. 

M. 

Element ; 

N 

V 


W 

W 

V 


W 

N 

W 

V 

N 

W 

V 

ns . 

14 

14 

21 

17 

14 

19 

20 

13 

17 

23 

17 

16 

23 

23 

21 

26 

23 

e . 

16 

15 

22 

17 

14 

20 

23 

14 

17 

26 

18 

16 

21 

21 

18 

28 

22 

w . 

24 

23 

32 

26 

21 

25 

22 

18 

22 

22 

20 

19 

23 

21 

26 

24 

30 

Q years . 

17 

18 

25 1 

19 

17 

21 j 

21 

14 

19 ! 

24 

19 

16 

22 

21 

21 

23 

25 

D .. . 

18 

17 

25 1 


16 

22 

23 

16 

18 

24 

17 

17 

23 

23 

23 

29 

26 

0‘0 flays . 1 

18 

17 

23 1 

21 

16 

20 

22 

15 

19 

23 

18 

16 

23 

24 

21 

25 

20 

0-1 . 

18 

18 

27 

; 20 

17 

21 

|21 

16 

18 

! 24 

19 

17 

23 

22 

22 

26 

26 

Al* .. 

18 

17 

25 1 

1 

20 

16 

21 

22 

15 

10 

24 

18 

17 

23 

22 

22 

26 

26 





‘_ . 



L... 


_J 


.. . 

1 

. . 

_! 

,, 

_ 



Tlie most notable feature of this table is the comparative uniformity of the 
values of 100) p — 1 ) for all elements, stations, years and types of day (more 
or less quiet, 0-0 or 0*1). 

Considering the latter first, the 0*1 days show a mean excess of only 0*4 
in the mean of all elements, seasons and stations; the corresponding diSerenoe 
for the three seasons separately (northern or southern) summer, equinox and 
winter, are 1*7, 0*8 and —*0*7, implying slightly reduced variability for the 
0* 1 days, as compared with the 0*0, in winter; this is opposite to the indication 
from £ and G alone obtained rather differently, in § 10 of our former paper. 
The main point, however, is that the 0*0 and 0* 1 days are practically eqoivn** 
lent as regards the irregular variability of R.. 

The irregular variability of R is also practically independent of the mean 
sunspottedness ; the mean 100 | p — 11 is indeed less for the Q than for the 
O years, but the difference, 1*1, is scarcely significant. 

Combining all elements, and certain adjacent stations, the following are 
the seasonal means of 100 j p — 1 |:— 


B + a. j 

B b 4* SF. 

B. 

M. 

DS 

0 nw 

' us e nw 

i 

00 e sw 

00 e 0W 

16*5 

17 26 

CO 

o 

to 

i 

21 19 21 

27 23 23 
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The irregular variability seems to be greatest in winter, and the more so, the 
higher the latitude; at B, in a low latitude, the difference is imperceptible, 
while at M the change is in the opposite direction. Thus, except at B and G 
(which confirm one another in showing a considerable seasonal change) the 
variability is nearly uniform throughout the year. 

The last row of Table XI shows that at the northern stations R is least 
variable in the element W, but at B and M this Ls not so. Averaging over all 
stations, the mean values of 100 | p — 1 | for N, W and V are 20-5, 19*0, 22-4, 
whicli are nearly equal. 

For the six observatories separately (all elements being <H)nibined) the mean 
values of 100 j p — 1 j are as follows 

E G Eh SF B M All 

20 19 19 (21) 20 24 20-6 

The differences here shown are insignificant. 

Thus the main conclusion is that the average percentage departure of R 
from its normal value is approximately 20, nearly the same in all the circum¬ 
stances considered. This conclusion was confirmed also when, as in § 6, the 
isolated quiet days (§ 3) were examined separately from the others. 

The Const^nmf of the Tyye of the Quiei-Day Diurnal Magnetic VariMwn, 

9. In our former paper we showed that the average type of the 8^ variation 
is substantially identical, in all three elements, on days of small, average, and 
large range, the only difference being one of scale. This was demonstrated 
by a diagram (fig. 4 of that paper) referring to June and July at Eskdalemuir. 
It seems desirable to show that the same applies to at least one other station 
in a widely different latitude; hence fig. 5 has been drawn, for Batavia, for 
the same months (which at B are in mui-winier). The three groups of days 
have been chosen according to their values of p ; the lowest curves represent 
the difference between the curves for the groups of largest and smallest range; 
since they are nearly of the same type as the others, it follows that the curves 
of largest amplitude are approximately merely magnified versions of the upper 
curves. This is illustrated in another way by the similarity of the ratios 
(average departure)/range for the three moan inequalities for each element 
(Table XII); except in W (or —E) this is very close. 
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Fia, 5 . —JOiurnal VariationB on Qiiiet Days at Batavia grouped aooording to p, Juik»*‘ 

July, 1918-23. 

Table XII. 


Klem«nt. 

j 

j Group of days. 

i 

j Humber 
of 

days. 

Kange of 
mean 

inequality, j 

j 

( 

Average ' 
1 departure. 

i i 

R/A.d. 


Small p . ’ 

Medium p .1 

Xiatge p . 

1 

m 

6B 

50 

[ ' 

1 y 

! 30-9 

39'2 

48'8 1 

j 1 

9*1 

na 

14*3 

I 

i 

3*4 

3*4 

3*4 

ri 

Small p . 

52 

16-3 i 

3*4 

4'5 

E \ 

Medium p . 

52 

22’6 

4*5 

5*0 

1 

laiTge p ., 

52 

i 

, 33*2 

6 2 

5 4 

r 

Small p . i 

i 51 ! 

10*1 

2*9 

3*6 

z i 

Medium p . 

55 j 

17*2 

4*9 

3 5 

\ 

Large p . 

60 I 

28*5 

i 

6*7 

3*5 


Together with the curves already drawn for Eekdaiemuir, this appears to 
provide adequate proof of the substantial constancy of type of the S, variation, 
whatever its departure from the normal range, at all stations in low and middle 
latitudes. This constancy of type appears to have been first recognised by 
Moos,* in regard to the daily magnetic variation at Bombay. 

On individual quiet days, however, in any of the three classes, there are 

• N. A. F. Mom, ‘ Oolsbs Magnetio Data,' 1849-1905; Part II, 1910,1587, p. 771. 
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small but appreciable departures from the average type. In partioalar, the 
maximum and minimum may occur earlier or later than the average, by an 
hour or more. This results in, and may be inferred from, a difference between 
the range of the average curve for any class of day, and the mean of the ranges 
of the curves for the individual days of the group ; the latter mean is, of course, 
the greater, its values in the various cases being as follows:— 


Station : 1 

i 


E. 



B. 


Element : j 

N. 

W. 

V. 

1 

W. 

V, 

Sm»ll p . ! 

41-3 

470 

16*2 

33*7 

19*7 

15*0 

Medinm p 

Sll 

57-5 

21*5 

41-6 

27-3 

21*9 

Large p . 

68-1 

67-0 

290 

54*9 

39*5 

30*0 

These arc greater than the ranges of the average 

eurves for E and B by the 

following amounts;— 







.Sttition; ! 

i 


E. 


• 

B. 


Element ; j 

1 

N. 

W. 

V. 

i 

I N. 

J 

W. 

V. 

'i 

p . 1 

2-7 

5*1 

30 

1 2-8 

4-4 

4*9 

MedixiXD p .| 


3*1 

2*6 

2 4 

4*7 

4*7 

lAtge p . 

4-8 

21 

3-6 

6*1 

6*8 

6*4 


The average percentage difference is about 10 per cent, of the mean range 
for E, and 16 per cent, for B. 

The Change in R from one Quiet Day to the Next. 

10. In § 3 it was shown that the very quiet days here considered tended to 
occur in sequences of two, three or more consecutive days. These sequences 
provide 362 different pairs of consecutive quiet days. We have examined 
the change in R from one day to the next, in each such pair; it is expressed 
by 8R, defined by 

SR = Rg (2nd day) — B, (Ist day). 

Table XIII gives mean values of SR, and also of ] SR |, for various subdivisions 
of the data for the four stations E, Eb, B, M, the unit being 0-1 y, and not, as 
elsewhere, I y. 
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Table XIII.—Unit 01Y. 


Klement; 



N. 




- 


Period ; 

hb 

0 

w 1 

Q 

□ 

All 


S 

<R. 

1 

0 

12 ‘ 

-5 

1 


U 


(«R| . 

65 

57 

55 

65 

56 

60 

84 

Bb 

m . 

7 

-2 

^10 i 

- 9 

3 


i 

- 5 


I»R| . 

1 81 

70 

63 j 

82 

66 

72 

84 

B 

SK. 

1 

3 

14 

7 > 

1 

12 

8 

! 3 


I»R|. 

85 

OX 

109 ; 

06 

90 

92 

! 78 

M 

8R. 

i-11 

9 

4 1 

4 


0 

J 

I 18 


|8R| . 

' 80 

101 

02 j 

00 

92 

91 

i 86 

i 


I i. 



W. 





V. 




o 

w 

o 

o 

AU 

na 

e 

1 

w ■ 

1 

o 

o 

AQ 

7 

,2 

6 

6 

6 

a 

0 

t 

-1 

0 

0 

72 

51 

80 

63 

69 

69 

38 

31 1 

49 

40 

43 

7- 

-14 

-4 


■"5 

> 4 

0 

i 

-"3 ; 

2 

0 

1 

72 

62 

78 

70 

73 

60 

i 

66 

40 j 

59 

48 

32 


27 

1 18 

2 

8 

1 

1 7 

.....5 


10 

-8 

2 

100 126 

' 126 

85 

109 

; 65 

84 

94 ! 

100 

69 

81 

4 

21 

16 

13 

16 

' 6 

1 

15 ! 

14 

0 

7 

91 

110 

’ 100 

91 

96 

; 66 

62 

72 ; 

67 

66 

66 


10.1. It is evident from Table XIll that $R/|SR| is always small, so that 
the variation of R from one quiet day to the next is mainly irregular, and not 
systematic. The mean SR (combining all elements) for each of the four stations 
E, Eb, B and M has the values 0*2, —0-2,0*6, 0-7 y (mean 0*3 y); combining 
all stations, the mean SR for N, W, V separately has the values 0* 1,0"6,0-2 y. 
The separate elements and seasons show some larger values, which are probably 
accidental; at any rate, much more data would be necessary to establish 
the reality of any such seasonal features. The main conclusion is that R 
does not alter systematically from one day to the next., in very quiet periods— 
apart, of course, from the slow regular seasonal and solar-cyclic variations, 
which, in the interval of one day, and in the mean for any of the thrw seasons 
considered, is unlikely to exceed 0 -1 y. 

10.2. The most regular feature of Table XIII, as regards j 8R |, is that, with 
one exception (N at M), each value for Q exceeds the corresponding one for 
O ; this is natural, because in § 8 it was seen that the percentage variability 
of R is the same for Q and 0» *^J^d since S is greater for Q than for 0» 
1 SR I at Q would be expected to exceed that at O- But the increase of 
I SR I from Q to Q, expressed as a percentage of the mean | SR |, is somewhat 
less than that of R itself (Table VIIl) in the mean for the same four stations; 
the means for N, W and V are 9, 22, 21 for | 8R | and 28, 27, 24 for R. 

10.3. Ignoring the small difference b<«tween the values of B„ on oonsecutive 
days, we may write 

8R = Rg - R, ==<R. - RJ ~ (R, - R„) 
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The values of p — I appear to be distributed approximately according to the 
law of errors (fig, 3 of our former paper shows this, for E and G, for the very 
similar quantity AR). If their values on consecutive quiet flays are not 
connected with each other, but distributed just at random, the mean numerical 
value of (pj — 1) — (pj — 1) is y'2 times the mean value of | p — 1 j ; hence 
the mean value of | 8R j/R should be approximately \/2 times the mean value 
of I p — 11. Actually it is distinctly less; the following are the values 
for the separate stations (all elements) and separate elements (all 
stations):— 



100 (5R /K . 

100 v/2 />- IJ 


R. 

Eb. 

B. 

M. 

jsr. 

W. 

V, 

All. 

21 

22 

24 

2S 

24 

le 

28 

24 

2S 

27 

2S 

34 

28 

28 

33 

n 


This indicates that the ranges on consecutive days have a slight tendency 
to depart from the normal range in similar directions. 

10.3. This tendency has been furtlier examined by calculating the correlation 
ooefficients between the ranges on consecutive days, for the two stations E, B, 
taken as typical. The results were obtained for the separate seasons, and in 
some case^ for Q and D years separately, but without disclosing any 
significant differences ; consequently only the mean results are given here, as 
follows:— 



E. 



B. 



W. 

V. 

N. 

W, 

V. 

041 

0-35 

0'21. j 

1 

0-28 

0-37 

0-20 


Out of the 818 days considered in Table II it was possible to form 137 
sequences of three consecutive days (not all independent, in that, for example, 
a sequence of 4 days would afford two sequences of 3 days), 49 of 4 consecutive 
days, and 18 of 6 days. Correlation coefficients were calculated for the ranges 
on the first and last days of the sets of 3 and 4 days; again the separate 
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seasonal results showed no significant differences, and the mean results only 
are given, as follows;— 

i 

E. ' B. 

. ^ . . . . . . — 

I N. W. V. . i N. W. V. 

I 


Ist and 3rd clay .| 0-33 0-47 <>-16 ■ 0-23 0 16 0-18 

l*t and 4th day . 0 07 0-32 0-27 j V IS -0-03 0 16 


These coefficients are based on rather restricted material, but with one 
(probably accidental) exception they are all positive and significant. They 
confirm the indication given by | SR l,that there is a tendency for the departures 
of R from the normal to show a moderate degree of persistence even to the 
3rd or 4th day of a group of very quiet days. 

Isotopic, Isomagnetic and Heterotypic Corrdaiioris. 

11. In our former paper we considered two kinds of correlation between the 
values of AR on the same day ; our object was to find how fat the departures 
of the range fi:om its normal value were paralleled in different elements and 
at the two different stations £ and G. In the present paper similar coefficients 
are considered in relation to the values of p, here taken as the measure of 
normality (or otlierwise) of the daily ranges. The two kinds of correlation 
coefficients obtained may conveniently be called isotopic and isomagnetic, 
the former referring to correlations between different elements at the same 
place, and the latter to correlations between the same dements at different 
places. Later we shall also consider correlations between the values of p 
for different elements at different stations; these coefficients will be called 
hderotypic. 

Isomagndic Correlations between Pairs of Adjacent Stations. 

12. In our former paper (§ 16) we 8ho]wed that the isomagnetic correlations 
between AR for E and G were very high for the elements N and W, namely, 
0-77 for N and 0-84 for W ; for Z they were smaller, especially in winter— 
the seasonal and annual values were 0*65 (ns), 0*60 (e), 0*26 (w), 0*47 (y). 
The low correlation in winter is probably partly due to accidental errors of 
measurement, which will reduce the coefficient much more for Z in winter 
than for other elements or other seasons, because R (Z) in E and G is very 
small in winter. 
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In the present extended investigation we again have a pair of relatively 
adjacent observatories* Eb and SF, both situated near the current-foci of fig. 3, 
and hence in a distinctly different position from that of E and 6. It is 
therefore of interest to examine the isomagnetic correlations for Eb and SF ; 
this is possible only for N and W, as SF does not provide V data. The follow¬ 
ing are the results, which, though based on p and not on AR, are closely 
analogous to, and comparable with, the former results for E and G. 


Season : I 

QS. 

j 

6 . 

1 ! 

j i 

year. 

^ .! 

0-73 

0*72 


0*60 

0*70 

1 ! 

1 0*S5 i 

' 0-66 , 

0*64 

0*69 


These values show that in these elements the departures of the daily ranges 
from their normal values are on the whole very similar at the two stations, 
though not quite so similar as for E and G. Rut E and G are slightly closer 
together, both in latitude and longitude, than Eb and 8F. 

On account of this close magnetic correlation between adjacefifd observatories, 
it has been deemed sufficient, in forming other correlations not isotopic, to 
represent the pair of stations E and G by E alone, and the pair Eb and SF by 
Eb or SF, 

Isotopic Correkitioyis. 

13. In our former paper {§ 17, Table IX) wc determined the isotopic cor¬ 
relations between the AR*s for different elements at E, and also at G. The 
coefficients were found to be much smaller than the isomagnetic coefficients 
between the two observatories; the mean results were as follows:— 


NW NV WV 

E . 0-38 0-18 0*32 

G . 0*41 0*07 0*23 


In order that the coefficients for E, taken as typical of both E and G, might 
be properly comparable with those from the further stations, new coefficients 
derived from p were calculated for E. They agree closely with those for AR, 
given above. 

The following table contains seasonal and yearly (y) mean isotopic correlation 
coefficients for the various stations. To save space, the coefficients have been 
ipven in units of 0*01, as if they had been multiplied by 100. 
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Table XIV.—^Isotopic CorrelatioD Coefficients; unit 0-01. 


Aments t ' 


NW. 


1 

1 

NV. 

.I 


WV. 


Season : 

m 

e 

w 

y 

i 

j ns 

j 

J 

e 

w 

1 

y 


© 

w 

y 

£ 

( 

:U 

47 

32 

38 

1 25 

11 

16 

n 

32 

32 

37 

34 

Sb 


;i4 

33 

21 

30 

8 

3 

iJ 

7 

32 

43 

44 

40 

SF 


13 

4 

8 

8 









B 


16 

19 

28 

21 

6 

14 

16 

12 i 

51 

65 

78 

63 

M... 

i 

*--4 

3 

26 

8 

-^12 

-2 

10 

2 ! 

J 

50 

59 

66 

58 


These results will be discussed, along with those of §§ 14, 16, in §§ 16, 17. 


Isomagnetic Correlations between Distant Stations. 

14. The following table contains the isomagnetic correlation coefficients for 
pairs of distant stations, for the seasons separately and e.ombined. The 
difierence of latitude between each pair of stations is indicated. Except in 
the first two cases (E, Eb and E. SF) there is also a considerable diSerenoe of 
longitude. 

Table XV.—Unit O-Ol. 


Raw. 


Elemont; 

t 

1. 

K. 




W 




V. 




SeaBon : 

DB 

0 

w 


na 

e 

w 

y 

na 

e 

w 

y 

1 

13* Eb (15*^) 










» 

10 

12 

10 

2 

K. SP (19“) 


*5 

0 

29 

12 i 

5 ^ 

59 

49 



, 

• 


s i 

E,B{6r) 


16 

16 

6 

12 1 

2 

10 

-6 

2 

0 

18 

-5 

4 

4 

E, M (75'») 


tl 

5 

10 

9 1 

2 

7 

-5 

1 

0 

7 

i 

3 

5 

Eb, B (47°) 


8 

17 

1 

i 


5 



( 2 

14 

e 

8 

6 

Eb, M (er) 


. 

, 

. 


, 


. 


1 

n 


2 

7 

HE, M (57®) 


6 

15 

10 

10 


3 - 

-13 

-4 


* 



8 

n, K (14®) 


26 

82 

3 

20 

20 

26 

55 

34 

L 

11 

32 

20 


Heterotypic Correlations. 

16. Six heterotypic correlation coefficients can be derived for each pair 
of stations. These have been calculated for the three pairs E and £b or BF; 
Eb and B ; B and M; they are as follows. The first element of each pair in 
the headii^ refers to the first station of each pair in column 2; thus the first 
coefficient, 0-87, refers to N at E and V at Bb. 
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Table XVI, 

Klemaatfl ; 

NW. 

Season ; 

ns 0 w 


B, El) . 

B, S'F .I 47 46 37 

Eb, E . 1 27 30 U 

Bb, B . I -6 -9 16 

B, El. .. 17 22 4 

B, M . I 10 13 19 

M, B .I 4 -13 7 

1 


-Uiait O-OL 



NV. 

WV. 

y 

DJ9 

e 

w 

1 

m 

e 

w 


37 

38 

40 

39 

\ 

19 

29 

25 

43 


, 

, 

, 




24 

18 

30 

17 

22 

32 

8 

H 

1 1 

-11 

-9 

13 

-2 

2 

7 

7 

14 

11 

16 

-1 

8 

1 

9 

1 

U 

e 

21 

19 

15 

17 

22 

42 

-1 

i 

i 

-11 

5 

3 

■" 

19 

41 


The following coefficients are for the elements N and W only, for more distant 
pairs of stations. The correlations relating to V for these pairs have not been 
calculated. 

Table XVII,—Unit 0*01. 


Ekmenta : 

NW, 

WN. 

Seaiion : 

tifi e w y 

n# e w y 

K, B . 

3 14 3 6 

16 26 10 17 

K, M .‘ 

-U 8 4-1 

19 4 7 10 

Eb. M . 

-14 -9 13 -3 


8F, M . 


\\ 13 11 10 


Discussion of tJie Corrdation Coefficients. 

16, Perhaps the most important feature in Tables XIV to XVII is the over¬ 
whelming excess of positive over negative coefficients. The following are the 
numbers and the sums of the positive (and zero) and negative coefficients of 
the three kinds in these tables. 


Table XVIII. 



Number. 

i 

Sums. 

Moan 


1 + 

1 


(unit 0 01). 

Xsotopio . 

49 3 

1367 

18 

26 

Isomaguctio .. 

Hsteiotypu^ . 

61 

11 

877 

61 

11>6 

82 

14 

1398 

103 

13 6 

AU .. 

192 

28 

3643 

172 

16 
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Further, not a single “ yearly ’’ correlation coefficient (that is, one derived 
from all the p’s for a particular correlation) is negative by so much as —0*1. 
It is therefore clear that there is a definite tendency on quiet days for depar¬ 
tures of the daily range from the normal to have the same sign at all the stations 
and in all the elements here considered. 

This conclusion is important in itself, and also in relation to the possibility* 
of developing a practical plan for the assignment to each Greenwich day of an 
index of the intensity of on that day. In a later paper this possibility will 
be considered in detail. 

The Correlation Diagram, 

16.1, The correlation coefficients for the separate seasons are given in the 
tables in order to indicate the degree of regularity and reliability of 
the coefficients; on the whole, the differences between the seasonal values 
cannot be regarded as significant. Hence the discussion will be confined 
to the yearly means. These are illustrated diagrammatically in fig. 6. 
Here each observatory is represented by three points, one for each element 
(for SF the one for V is missing) on a horizontal line; the separation 



♦ Of. Ghapman, * Nature,* yol. 121, p, 289 (1928), and f 19 of our loMsr fNiper, 
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between these lines is proportional to the difference of geographical latitude 
between the corresponding observatories. On each horhsontal line the three 

representative pomts, from left to right, represent N, W, and V; the 
spacing of these three points on the line is not the same in all cases, but this is 
merely for convenience and has no numerical significance. The lines joining 
the respective points, whether for the same element or observatory or not, 
indicate the correlation coefficients between the corresponding sets of values 
of p, to the nearest 0*1, in cases when the coefficient is (to this degree of 
accuracy) 0-1 or more ; the absence of a connecting line in some cases (16 in 
number) denotes that the coefficient has been found and is less than 0*1, but 
in other cases, particularly for the lines joining the V points to the N or W 
points for the four pairs of stations considered in Table XVII, the coefficients 
have not been calculated. Thus the diagram, if complete, might show still 
more correlations than it now does. 

The coefficients 0*1, 0*2, 0-3, 0*4, are denoted respectively by a thin 
broken line, a thin full line, a thick broken line, and by thick full lines of 
increasing thickness for the higher coefficients. The isotopic NV lines are 
necessarily not straight. 

It is obvious from the diagram that the correlations are in general closer, 
the nearer the observatories; thus (apart from the adjacent pairs B and Q, 
and Eb and SF, which show a high degree of correlation) E and Eb or SF, 
and B and M, naturally show a closer relationship than the more widely 
separated pairs such as Eb and B. 

16.2. As regards the isotopic correlations, the low values for (N, V) are note¬ 
worthy ; the isotopic (N, V) correlation is highest at E, the highest-latitude 
station; the decline is already considerable at G (as shown by the AR 
coefficient—§ 12). 

The isotopic (N, W) correlation is very small at SF and at M; these are 
the stations nearest the current foci. The correlation appears to have a maxi¬ 
mum between the foci (c/*, the B value), and greater maxima beyond the foci 
on the poleward sides ; thus for G the correlation (derived from AR) exceeds 
that for E and Eb ; the sharp decline from Bb to SF is noteworthy, but may 
be accidental. 

The isotopic (W, V) correlation is everywhere appreciable, and increases to 
high values (0*6) at B and M, the two stations between the foci, 

16.3. The iaomaguetic correlations in Table XV are, in the mean (</, Table 
XVIII) slightly lower than the heterotypic correlations that have been calcu¬ 
lated ; but the Mghest isomagnetdc coefficient (0‘66, for E, 8F; W) exceeds 
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the highest heterotypic coefficient (0’43, for EN, SF W). Though W has 
the largest isomagnetic coefficient, the W coefficients for pairs of observatories 
on opposite sides of the equator are definitely very small. 

Apart from the two pairs of closely adjacent observatories, there are six 
correlations of magnitude 0-3 or more; two are isomagnetic (both for W, 
namely, E, SF; and B, M), and four are heterotypic (EN with SF, W and EbV, 
and BW, MV; BV, MW). There are seven correlations of magnitude 0-2, 
of which two are isomagnetic (B, M for N and also for V) and five heterotypic ; 
of the latter the most interesting is that between EW and BN (this is strictly 
0-17, slightly less than 0-2). 

The Physical Significance of the Correlations of Range. 

17. The correlations will finally be discussed in relation to the form and 
intensity of the current-system (figs. 3, 4) to which the 8, field may be attri¬ 
buted, and also in relation to the physical cause of the day-to-day variability 
of the S, field. 

(o) The fact that the correlations are positive throughout, even for the most 
widely separated stations, indicates a degree of parallelism in the day-to-day 
variations of range at different places distributed over the earth, which is 
most naturally interpreted as due to some world-wide cause affecting 8,, and 
varying in intensity from day to day. 

(6) The fact that the uon-isotopic correlations are fairly high for stations 5° 
apart, lower for stations 15° apart, and small for more distant pairs; and also 
the smallness of most of the isotopic correlations, indicate that there are also 
local causes affecting 8,, varying from day to day, but by different amounts 
in different places. These causes may be called regional, because they are 
fairly uniform over distances as great as 16°; 

(o) The constancy of type of the S, variations throughout the changes of 
range, in each element and at each station, as illustrated for Batavia by fig. 6, 
and for Eskdalemuir by fig. 4 of our former paper, indicates that the general form 
of the current-system (figs. 3, 4) remains unaltered throughout these changes. 
The current-system may suffer distortions or displacements, the current-lines 
may be crowded together in one place and spread out in another, but l^ese 
irregularities of form and distribution are slight relative to the whole system; 
nevertheless their local magnetic effects may be comparable with those due 
to the general day-to-day changes of intensity of the complete system, wrought 
by the supposed world-wide cause. 

17.1. These regional uregulanties in the current-system may be ascribed to 
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similar irregularities in the distribution either of the electromotive forces 
(e.m.f.) or of the conductivity; but the former are likely to have much less 
influence than the latter; the flow round a circuit depends on the integrated 
e.m.f. round it, and local inequalities in the distribution of e.m.f. have little 
importance; but local inequalities of conductivity directly influence the local 
distribution of the current-lines, which crowd together to flow through a 
specially conducting patch, or spread away from a patch of low conductivity. 

The conductivity depends on the ion-density, and therefore regional depar¬ 
tures of ion-density from the normal value for each place and time seem to 
be the most probable cause of the regional irregularities in the distribution of 
the S, ranges. 

17.2. The world-wide cause partly governing the changes of S, seems likely 
to be the solar ionising agency that produces the conductivity of the layer in 
which the current-system is situated (it may also play some part in producing 
the e.m.f.). Its intensity must vary from time to time, and if this cause acted 
alone, the S, range in every element and at every station would vary in parallel 
with it, and correlations nearly equal to unity should result. 

17.3. The cause of the regional irregularities of ionisation seems less likely 
to be directly solar; to suppose it is directly solar would imply that the 
intensity of the beam of solar ionising radiation varied patchily over the cross 
section, on a scale fairly small compared with the area of the earth. But the 
angle subtended by the earth at the sun is so very small that this patchiness 
of the beam is iniprobable, however irregular the distribution of emission 
might be over the sim’s surface. One may instance the analogy of a beam of 
light falling on a sheet of paper from an electric lamp a few feet away; the 
curly filament of the lamp represents a highly irregular distribution of the 
emission, yet there is no perceptible non-uniformity in the illumination of the 
paper. Patchiness of emission might be more likely to survive in a solar 
beam if the radiation is corpuscular rather than wave-radiation, but here also 
it would almost certainly be obliterated by lateral diffusion of the corpuscles 
long before the beam reached the earth ; for with any probable density of the 
stream, the mean free paths of the corpuscles would be at least of the order 
of a thousand kilometres, permitting rapid equalisation of density across the 
stream. 

17.4. Thus the regional irregularities of ionisation or conductivity seem 
likely to be due to terrestrial causes. One can only speculate as to their 
nature; perhaps the most obvious possibility is as follows; an irregularly 
varying distribution of conductivity would be produced by a uniform solar 

VOL. oxxx.—A. 2 z 
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beam if the height-distribution of upper atmospheric air-densiiy varies 
irregularly with latitude and longitude, as is the case in the lower atmosphere. 
The absorption of ionising radiation occurs in a layer whose situation and 
thickness, for a given solar beam, depend on the equivalent “ homogeneous 
height H ” of the atmosphere in the locality*; H depends mainly on the 
temperature. The number of ions produced per unit voliune per unit time is 
proportional, for a point at any given fraction of the thickness of the layer 
above or below the level of maximum absorption, to 1/H. If the coefficient 
of recombination is independent of the pressure (as may be the case at very 
low densities), the resulting ion-density in the steady state is proportional to 
the square root of the number of ions produced per unit volume and unit time, 
and therefore to 1 /H*. The total conductivity of the layer is proportional to 
the density integrated through the thickness of the layer, and therefore to H*. 
Actually the state is not steady, but nevertheless the actual total conductivity 
is likely to depend on H in a similar way, that is, as H*. Thus an irregular 
distribution of upper-atmospheric temperature and density would lead to an 
irregular distribution of total conductivity. If the current system depends 
partly on drift currents instead of conduction currents, similar conclusions 
are likely to hold good, and the same applies also to the diamagnetism of the 
upper ionised layers. 

17.5. The correlation of the daily abnormalities of range on successive quiet 
days (§ 10.3) implies that the regional inequalities of conductivity (or drift 
currents or diamagnetism) tend to persist from day to day. The actual con¬ 
ductivity dies away at sunset and is renewed after sunrise next day; the 
abnormalities of solar ionising intensity or of upper atanospheric conditions, or 
both, must therefore tend to persist from day to day, 

17.6. A complete understanding of the changes of S, would include a know¬ 
ledge of why some of the correlations are so much larger than others (even in 
oases where no diSerenoe in distance is involved). We are unable to give a 
detailed explanation of this, but one point may be noted—the much lower 
correlation, with other elements at other stations, of the N range near the focus 
(«.e., at SF and, to a less extent, at M) than of the W and V ranges there. This 
seems natural because at the focus the S, variation in N is reversed in type, 
through transitional stages of small range, whereas in W and V the range is 
near its maximum; thus local irregularities of conductivity near the focal 
latitude are likely to afiect the range much more in N (especially propor- 

* S. Chapman, ‘ Proo. Phya. Soo,,’ vol. 48, p. 26 (1081). 
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tiouately) than in W and V; consequently the N correlations, depending 
on the world-wide changes of conductivity, are the more blurred-ont and 
reduced. 


Summary. 

The disoussion of the range of the daily magnetic variation, on very quiet 
days, previously considered for the two stations Eskdalemuir and Greenwich, 
is extended to four more stations, Ebro, San Fernando, Batavia and Mauritius. 

It is found that the ranges vary from day to day in an irregular way, and 
that there is a definite correlation between the changes in different elements 
and at different stations—the correlation being less, the more distant the 
stations. 

It is found that the very quiet days often occm in sequences of two or more, 
and that there is a tendency for abnormalities of range to persist for two or 
more days. 
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WILLIAM HENRY PERKIN—1860-1929. 

W. H. Pjerkin was bom at Sudbury, uear Ebrrow, on June 17, 1860, and wa« 
the eldest son of William Henry Perkin, destined to become Sir William Perkin, 
the discoverer of the coal-tar colours. W. H. Perkin, the father, was, in 1866, 
acting os Assistant to A. W. Hofmann at the Royal College of Chemistry in 
Oxford Street, but his keenness was subh that he had fitted up for himself a 
laboratory at homo where he carried out expmimfinta in the evenings. 

It must be remembered that at that time the type theory of organic structure 
still held sway and although chemists genm-ally realised that this theory could 
no longer be employed to explain the intricacies of organic structure, the 
structural theory, such as we know it to-day, had not been evolved and Kekal£ 
had not yet put forwsird his explanation of the structure of benzene. Organic 
chemical research could, in those days, be carried on only by means of empirical 
formulae and the only means of prediction lay in utilising the empirical chemical 
equation. 

It was in 1856, that is three years prior to his marriage, that W. H. Perkin, 
senior, set himself the task of preparing the alkaloid quinine by the oxidation 
allyl toluidine in accordance with the equation 

2GeH4(CH8)NH . CjH, -f 30- OgoH^NgO* -f H,0. 

No qumine was, of course, obtained—as we know, from our modern structural 
formulas, such a reaction is impossible unless it were accompanied by some 
molecular re-airangement wholly without precedent. Nevertheless a black 
precipitate was produced in this reaction which Perkin found to contain a 
violet substance, subsequently to be prepared more cheaply and in better 
yield by the oxidation of aniline sulphate. This substance constituted Mauve 
or Aoil^e Purple which was the first of the coal-tar colours; the precursor of 
that vast series of compounds, the value of which now reaches many millions 
of pounds yearly. 

P erkin , senior, despite the advice of Hofmann, decided to leave the Royal 
College of Chemistry and to start manufacturing the new dye on the large scale, 
W aamusing^y courageous decision when it is remembered that ohemiodi manu- 
factoring processes were then in a most rudimentary oemdition, and every 
type of plant necessary for the various operations had to be devised and 
ereoted and that, in many oases, the simplest chemical reagents had to be 
prepared or purified. Thus the benzene obtainable was unequal in quality 
and had to be fractionated. Nitric acid stroitg enough for rrmking nitro- 
betuiene could not be obtained commercially, and the nitration of benzene had 
to be done with a mixture of sodium nitrate and sulphuric acid. Nevertheless 
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such was the skiil of the young chemist that within six months Aniline Purple 
was being manufactured in large quantities at the works at Greenfotd Qreen, 
which had been set up for the purpose. Soon the demand for the new colour 
became so great that the works had to be enlarged. It caught the popular 
imagination and was evidently a frequentsubject of conversation at that period. 

The younger Perkin was therefore bom in an atmosphere of chemistry and 
breathed it from his earliest moments. A year after his birth, that is in 1861, 
his brother Arthur George was bom, and shortly afterwards their mother 
died. It was not until six years later that W. H. Perkin, senior, married 
again, there being five children of the second marriage, four daughters and one 
son (the late Frederick Mollwo Perkin). 

At the age of ten William Henry, junior, entered the City of London School, 
where a year later he was followed by his younger brother. The choice of this 
school by the father was not merely due to its bemg his old school but also 
because it was the only one he knew in which science found a place in the 
curriculum. 

In those days there were remarkably few places in which systematic instruc¬ 
tion in chemistry was given. In London there was but one place where this 
science alone was taught and that was the Boyal College of Chemistry in Oxford 
Street, which owed its initiation largely to the Prince Consort, Sir James Clark, 
and Sir Lyon Fla 3 rfair. It had no endowment and the funds necessary for the 
erection of the laboratories were obtained from a number of public-spirited men. 
Here under A. W. Hofmann and later, when he left to take np the post of 
Frofesem of Chemistry in Berlin, under Sir Edward Frankland, a long series 
of distinguished English chemists received their education. 

In 1872 the College was transferred to the building in Elxhibition Road, 
which, although providing much more space than the Oxford Street building, 
Bufiered from the disadvantage of not having been designed for chemical 
purposes. Its name was now changed to lhat of Boyal College of Science. 

The younger Perkin remained at the City of London Sdiool from 1870 to 
1877, living with one of the masters but spending the week-ends at Sudbury. 
Here their father had had fitted up for the two boys a shed at the bottom of 
the garden, in which was placed two benohea, one for William, the other for 
Arthur. He did not teach them but gave them snnple operations to do suoh 
as crystallisations and so forth. No doubt also the two brotihecs made frequent 
visits to the Greenford works, where a suitably equipped research laboratory 
had been erected and where much important work was carried out not only 
in connection with dyestuff chemistry but also in other fields in which Hie edder 
Perkin was interested. It was here that he first made the acquaintance of 
Alexander Pedler, who was then an assistant in the laboratory. 

In 1874 the Greenfotd works were disposed of to the firm of Brook, Simpson 
A Spiller, and Sir William Perkin built for himself a new house in the garden 
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at Sudbury, whikt the old house was converted into a laborator}", in which he 
devoted himself to research. 

In October, 1877, Perkin entered the Royal College of Science—^the Chemistry 
Department being then under Sir Edward Frankland. Mr. A. J. Greenaway, 
who was at that time a demonstrator in the College, tells how Perkin was at 
once recognised as a man of exceptional manipulative skill and that he quickly 
worked through the preparation course. It was from here that he published 
his first two scientific communications, one on the action of soduim on phenyl 
acetate, and the other on the action of benzyl chloride on phenyl acetate, both 
in conjunction with Dr. W. R. E. Hodgkinson, a lecturer in the College. 

At this time the German schools of chemical research were in the hey-day 
of their fame. Great and fnntful schools had been established in Heidelberg, 
under Bunsen, in Munich, under BUyer, and elsewhere^. It was clear that no 
chemical education could be complete without the experience and inspiration 
which could only be obtained abroad, and it was clear that one of our most 
promising younger chemists would have to undergo this training if he were to 
•make full use of his powers. Consequently in 1880 Perkin went to Wurzburg, 
to work under Johannes Wislicenus. Here betook his Ph.D, degree in 1882, 
presenting as his thesis the work he had carried out on certain condensation 
products of oenanthaldehyde. It was during this period that Perkin first 
became interested in the properties of substances of the ethyl malonate and 
ethyl ac.etoaoetate type, the interest being aroused because two pupils of 
Wislioenus, Conrad and Limbach, had just previously shown that the sodium 
derivatives of these substances could l)c prepared by a process of double 
decomposition from sodium ethoxide 

CHaiCOgEt)* + C^H^ONa CHNaCCOgEt)* + C^HjOH. 

Probably few organic research chemists have used mort' of these materials in 
their research work than Perkin. 

In the autumn of 1882 Perkin went to work under Adolf Bfiyer at Munich, 
and entered on what may be regarded as the first most fruitful period 
of his career, 

B&yerk laboratories at Munich had only been completed some four years 
previously, and were so well designed that they long served as a model for the 
othw laboratories which were springing up in all the principal university 
towns in Germany, 

Perkin has left on record in his B&yar Memorial Lectttre the aff^on and 
devotion he felt for tibis great As a mstter of fact the two mm were 

eingttlaxly alike, and a great deid Of whnt Pe^ says of B&yer might equatty 
wdU bosifidd of P^kin himself. Hmre was obviously a strong bond of sympaih.y 
master and pupU--^ymp&^^ based m similar outlooks and aitiular 
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careful before drawing any theoretical conclusions from the experimental 
data they obtained. Bayer, for example, worked for 17 years on the structure 
of indigo before he suggested a structural formula for it, and although nothing 
quite so meticulous as this can be ascribed to Perkin, yet it is certain that, when 
he has had all the necessary experimental details in his hands, he has been fore¬ 
stalled by others with less regard than lie for the necessity of clear proof. 

Both Bayer and Perkin were fhost effective when working on a small scale, 
and to watch Perkin at work crystallising some substance, of which perhaps 
not more than half a gramme was available after several weeks’ work, provided 
a lesson well worth learning. 

The laboratories at Mimich were crowded with the most promising men 
from all parts of the world who came to study under B&yer. It was not often 
that Bayer suggested subjects for the research work which the Ph.D. candidates 
were carrying out fox their theses. When fit for original work they were 
usually handed over to one or other of the many Privatdozenten attached to 
the laboratory. These Privatdozenten were often men of great experience, 
the post being obtained on the recommendation of the Professor after the 
candidate had presented a thesis. Perkin presented as his thesis the work he 
had done in the laboratory on bonzoylacetic ester, the phenyl analogue of aceto- 
acetic ester, This work had proved to be of a very tedious character because, 
in those days, the methods of distillation under reduced pressure had not been 
perfected and in consequence it was practically an impossibility to obtain an 
easily decomposable liquid of this kind in a state of purity. Perkin was 
successful in his application and was placed in charge of a large laboratory. 

It was at this time that Bayer was completing his synthesis of natural indigo, 
and one of the chief difficulties was found to be the poor yield of the ortho 
compound obtained by the nitration of cinnamic acid. One morning, B&yer 
found on Perkin’s bench a large quantity of o-nitrophenylpropionic acid, for 
the preparation of which the o-nitrocinnamic acid was required, and it appears 
that Perkin had solved the problem by nitrating not the acid but the ester, a 
discovery of the highest importance and one which ultimately rendered this 
method commercially practicable. 

At this period Kekul^’s theory of the structure of the benzene ring had found 
full acceptance and the existence and structure of the reduced compound 
cyclohexane was also agreed to. It therefore seems remarkable that the idea 
of the possible existence of rings containing a lesser or a greater number of 
carbon atoms than six was strongly resisted by the chief chemists of the day. 
This is all the more remarkable when it is remembered that the idea of carbon 
combined to carbon by more than one valency as in ethylene OH* »= CHg was 
generally accepted, but it is evident that the connection between this structure 

C 

and that involving three carbon atoms / \ could not then be seen, 

C —C 
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Moreover, substances like the y-laotones and five rings containing nitrogen 
were already known. For some time previous to this Perkin had determinod 
to institute experiments to test the validity of this assumption, but was strtmgly 
dissuaded from doing so by Bayer, by Victor Meyer and by Emil Fischer, idl 
of whom regarded the project as waste of time. Indeed, Perkin told me that 
on one occasion Victor Meyer stayed so late argumg with him on this point 
that they had to spend the night together. Perkin also showed me a letter he 
had received from a distinguished English chemist, in which the passag 
occurs; “ Perkin, you are going to make a fool of yourself, three-carbon 
rings do not exist.” 

Nowadays we know how right was Perkin’s judgment, and the wealth of new 
knowledge which has foUowed in the wake of his initial discovery is well known. 
Three, four, and five-membered rings exist and a vast number of their deriva¬ 
tives ore known. Moreover, Ruzicka has recently shown that rings containing 
many more carbon atoms are capable of isolation and indeed form the 
constituents of many natural products. 

It is interesting to note that what was regarded as Perkin’s initial success 
in this matter was wrongly interpreted by him. He had tried the action of 
the sodium compound of acetoacetic ester on ethylenedibromide and obtained 
a substance which he considered to be the compound (1). 

CH,Br. CH. CHj COCHg CH« COCH, 

\ / / \ / 

C CH. C (I) 

/ \ \ / \ 

Na COjEt CH, COOH 

This was generally accepted as correct and many of the doubters, including 
Victor Meyer, withdrew from their opposition and wrote Perkin charming 
letters of commendation. Some three years later Perkin himself discovered 
accidentally that this formula was wrong, and that the reaction had not led 
to the formation of a four-membered ring at all but to the substance (II) 

OHa —C C . COOH 

/ 

0 (II) 

\ 

CH,.CH,.CH, 

that is to say, a six-membered ring. 

It is perhaps permissible to surmise as to what might have happened had 
Perkin originally interpreted the result correctly. Would this verification of 
his opponents* views have disheartened him and caused him to abandon tiie 
quest 1 As a matter of fact the false interpretation had so for encouraged 
hizu that, by the time he had corrected it, a very large number of similar 
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reactions had beau carried out, the prodaota of wliich mie imquesti<Hiabiy 
cfdic ? For exunpie, if malonic ester is substituted for ethyl aoetoaoatste 
in the above reaction the product is undoubtedly tire oyclio substance (III). 

CH, 

/ \ 

CHj CH. COOH (lU) 

\ / 

CH* 

It is possible that discouragement mi g ht have ensued considering the character 
of the situation, but knowing the man 1 do not think it is at all likely. Never* 
theless, the incident is of interest as showing that a mistake may sometimes 
have a beneficial result. 

The real problem was whether the ring compounds prepared by Perkin were 
in fact unsaturated compounds. For example, Fittig maintained that the 
substance stated by Perkin to be 

CH . COjH 

/ 

CHj 

\ 

CHj 

was, in reality, vinylacetic acid CHj -- CH — CH, — COOH. This point 
was subsequently settled by Wislicenus who synthesised vinylacetic acid and 
found it to be different from Perkin’s acid. 

Perkin left Munich in 1886, but before passing from this period it is perhaps 
desirable to recall that, in later life, BEyer was wont to say that of all the dis¬ 
tinguished men who had passed through his hands the two of the greatest 
ability were Emil Fischer and Perkin. 

For the next year he was housed in the Owens College, Manchester, whither 
he had been invited by the late Professor H. B. Dixon, who had just succeeded 
Sir Henry Eoscoe in the Chair of Ch^istry. ■ He then started his work on 
brazilin and hsematoxylin but abandoned this for a time on his appointment 
in 1887 to the Chair of Chemistry at the newly-founded Heriot-Watt College, 
Edinburgh. The Edinburgh period lasted four years and despite the difficulties 
entailed by evening teaching and poor accommodation much research work 
was done. This period is noteworthy for the ffict that it saw the initiation of 
the work on the alkaloids, research on both berberine and (uyptopine being 
started here. 

In 1892 Perkin was appointed to succeed Schloriemmer in tiie Chair of 
Organic Chemistry in the Owens Coll^, Manchester, and entered on his 
second most fruitful period which he himself used to oaB his golden age. 

It fell to Perkin’s lot to establish a true school of otganio teseazoh in Man¬ 
chester—a school based on those with which he had beoonw acquainted in 
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Germany and especially that of Bayer at Munich. From this school there 
mnanated a steady stream of trained research workers, some passing into the 
industry, others into academic life. These latter started fresh schools of their 
own in the places to which they went and in consequence the seed sown through¬ 
out the country quickly germinated and if to-day we can say with assurance, 
that our research schools in organic chemistry are in no way inferior to those 
abroad, either on the Continent or in America, it can be safely said that this 
highly satisfactory state of affairs is due to Perkin and to the example he 

When the writer joined this school in 1896 it was already in full operation. 
The great Schlorlemmer Laboratory was crowded with students each A^ing 
with the other to further tlie work of the school, for it was Perkin’s plan to 
concentrate on some particular field of research all the power at his disposal. 
It has been stated more than once by persons who have had little or no means 
of judging that Perkin exploited his students, that, for example, he used them 
as a means of preparing raw material which he subsequently took from them 
and worked on himself. That he gave them little or no chance of learning that 
fine technique of which he himself was a master. This is not true, and it were 
well that this mis-statement should be once and for all categorically denied. 

It was my privilege to be intimately asso(dated Avith Perkin for 14 years, 
that is from 1896 to 1910, and during that period 1 havenev(T known him use a 
student for any purpose other than that required by his training. It is inevitable, 
of course, that a great deal of the large scale preparation work must fall on the 
student, but even so this kind of work given by Perkin to any particular student 
was only that related to the particular probUiin he had in hand, and to say that 
Perkin kept a number of research students busy doing nothing else but supply¬ 
ing him with material, the object of which was unknown to fchem, is totally 
untrue. As already stated elsewhere Perkin, like his tcacdu r Bayer, was at 
his liest when working on the small scale, and it is natural, therefore, that a\ hen 
a student has readied a point where a small quantity of material represented 
many weeks’ work, Perkin should take the substance from him and submit it 
to that system of purification which could only be carried out by him and 
which, in the hands of the student, would have led to catastrophe. Even so, 
such operations were always carried out in the presence of the student 
who was able to see the marvellous manipulative skill of the man and was in a 
position subsequently t-o emulate him, as indeed many of his students did, 
with complete success. 

At Manchester Perkin continued his work on braziliae and hsematoxylin 
and also on some of the alkaloids, but when the Avrito reached Manchester the 
chief object of investigation was camphor. At the same time much work was 
being carried out in related fields, because it was Perkin’s wish not only to 
investigate any one substance directly but at the same time to carry out 
researches on many related side issues in the hope that ancillary matter might 
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prove of use in settling the main question* How true hie insight was in this 
connection will be realised later when his research work on the Terpenes is 
discussed» 

Camphor had proved itself to be an insoluble problem for some 10 years 
previously. The many different kinds of derivatives obtained from it rendered 
any discussion of its structure exceedingly Tlifficult. Nevertheless the recog¬ 
nition of derivatives of succinic and glutario acids among the products of 
degradation showed Perkin the necessity of studying closely the various 
compounds of this class. 

The research work on camphor and related substances occupied the attention 
of Perkin’s school until Komppa’s synthesis of camphoric acid and subse¬ 
quently of camphor settled the problem. Undoubtedly this synthesis came 
as a sad blow although Perkin was the first to telegraph congratulations to 
Helsingfors. The blow was all the more acute because the synthesis of 
camphoric acid had actually been achieved prior to the publication of Komppa’s 
work, but the series of reactions had failed at the last stage and it was not 
possible to obtain sufficient camphoric acid for more than a mixed melting 
point determination. Subsequently when the work was repeated on a much 
larger scale the identity of the first product with camphoric acid was clearly 
established. 

It is perhaps difficult for anyone not engaged in this kind of work to realise 
the acute sense of disappointment which is experienced when a whole series of 
reactions is rendered useless by failure at some particular stage. In this case 
no less than nine distinct operations had to be carried through. Each reaction 
gave a good yield and all seemed well until the final stage was readied in which 
it was only necessary to replace Br by CN. This, usually one of the simplest 
of all organic reactions, could not be brought about or could only be 
brought about in so small a degree as to render the quantity of the desired 
product too small for further investigation. 

Perkin was an extraordinarily rapid worker and one of remarkably regular 
habits. He lectured on four mornings of the week at 9.30. Thereafter he 
worked until 12.15 in the laboratory, going to lunch punctually at the hour 
named. One o’clock saw him back at the bench, where he remained until four. 

Although the laboratory rarely saw him at other times, he placed no restric¬ 
tion on the hours of work spent by his students and the laboratory was available 
at all hours of the day or night for any who cared to work therein. This 
privilege was taken advantage of by many and during term time one would 
frequently find students at work at 1 or 2 o'clock in the monung. 

Perkin himself was a man of unbounded energy. Each occupation was 
carried out with a zest which showed that he put his whole soul into everything 
he did. Whether he was playing the piano (on which he was a great performer), 
digging in his garden (bis cultivation of carnations brought him some fame), 
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playing tennis or cricket (he was no mean bowler), one only had to look at him 
to realise that he treated the occupation of the moment with the same serious¬ 
ness and desire for achievement as he treated chemisliy. 

One of Perkin’s chief triumphs during the Manchester period was his 
synthesis of the terpenes. These natural hydrocarbons, of which pinene is an 
example, are six-membered carbon rings, and Perkin, as has already been 
mentioned, knew all there was to know about substances of this t 3 rpe. What 
he did not know and could not possibly know was how to add the side-chain 
characteristic of the terpenes, a side-chain which may be expressed thus 

CHg 

y 

— C 

\ 

CH3 


Kevertbeless, with that extraordinary insight and intuition, which at times 
seemed almost imcanny, he prepared and laid aside considerable quantities of 

0 

/ 

the corresponding substances containing the carboxyl group — C in 

OH 


place of the hydrocarbon residue, although he could then have had no possible 
hope that any reaction could be devised which would enable him to transform 
the one into the other. 

Nevertheless, the apparently impossible happened and in the Grignard- 
Barbier reagent (MgICHs), which was shortly afterwards discovered, he found 
the ideal substance and was able to transform the cyclohexane acids he had 
accumulated into the natural terpenes, so that now with the exception of pinene 
none of the simpler type remain to be synthesised. This amazing reaction 
can be represented thus : 


0 

/ -}- MgCHjI 

- C -- 

\ 

OH 


CH, 

/ 

- 0 -- 

\ less Mg(OH)I 
OH, 


OMgl 

/ 

C-OH less Mg(OH)I 

\ 

CH3 N, 

^ / 

- c 
\ 

/ OH, 

OMgl 

/ 

C-CHg -f MgCHjI 

\ 

OH, 
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There was nothing Perkin hated so much as to attend committee meetings, 
and although his advice was alwaya sound and astute he felt, as many of ns do, 
that a great deal of the time spent in this manner is wasted- In Manch^ter 
he was fortunate in having H. B. Dixon as his colleague, and thus to be relieved 
of a great deal of administrative work. But later, at Oxford, I have heard him 
complain bitterly of the time he was forced lo spend away from his laboratory 
at University boards and committees. He acted as examiner on many 
occasions for various iniiversities and institutions, and often visited them for 
the purpose of examining orally candidates for the Ph.D. degree. This last- 
named occupation always gave him the greatest pleasure, because it enabled 
him to get into touch with the younger men and to make himself familiar with 
the work being carried on in the institution he was v-isiting. For example, 
after an examination, he would ask to be shown round the laboratory and would 
discuss the major problems in hand with the men engaged on them. In 1912 
the Waynflete Professorship of Chemistry at the University of Oxford became 
vacant owing to the death of Professor Odling, and Perkin decided to accept the 
invitation to occupy the Chair. This can only be described as a most courageous 
decision. Perkin was then 62 years of age, and had, as we have seen, established 
a school in Manchester, which was at the zenith of its fame and renowned the 
world over. To leave it and establish a new school in other surroundings 
must have required the exercise of great moral courage and a degree of personal 
confidence in his own power which is possessed by few. The developments in 
Manchester during Perkin’s stay had been stupendous. Starting with very 
meagre accommodation he had designed and bxxilt the Schorlcmmer Laboratory 
and the cellars underneath; the next extension had occurred when the labora¬ 
tory of the late Dr. Schunck was removed brick by brick from Kersal Moor 
to a site adjoining the Schlorlemmer I.<aboratory. This addition provided 
Perkin with a private laboratory which was built between the old structure 
and the Schunck Library and gave increased accommodation for many years 
until renewed demands for space led to the Building of the Morley Laboratory, 
an addition which nearly doubled the research accommodation available. In 
Oxford no such facilities existed, and it was clear that Parkin would have to 
establish and equip new laboratories there. 

Fortunately he found in the person of Sir William Dyson Perrins one who 
was prepared to provide the necessary laboratories and to endow them. A 
stately building soon arose in which the experience gained by Perkin in Ger¬ 
many, Edinburgh and Manchester was embodied, giving a series of laboratcmes 
which are even now—15 years after their erection—^probably unsurpassed so 
far as facilities for research are concerned. 

It is of interest to note in passing the remarkable effect Perkin’s removal 
from Manchester to Oxford had in the course of the next few years, excluding 
the war years, on the research output from the two places. This point arises 
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from data given by Professor W. P. Wyxme in his Presidential Address to the 
Ohemical Society in 1925, and it is of interest to reproduce his table. Professor 
Wynne takes the six-year periods, 1901-06,1908-13,1919-24, as being typical 
and compares the number of papers published in the chief chemical journals 
fr<nn inter aUa Oxford University, Cambridge University, Manchester 
University, and the Imperial College respectively during those periods. The 
figures are very striking— 


DisUriiation of Papers. 



1901-06 

1908-13 

1919-24 

Oxford University. 

. 18 

89 

140 

Cambridge University . 

. 82 

122 

142 

Manchester University . 

. 91 

139 

84 

Imperial College. 

. 101 

114 

143 


It will be seen that whereas Cambridge University and the Imperial College 
show a steady increase, Oxford shows a leap forward after Perkin came in 1912, 
whereas Manchester shows a sharp faU after he left. 

The Oxford period, which may be described as Perkin’s third most fruitful 
period, led to the output of a great deal of research work mainly on the alkaloids. 
Definite steps forward were taken in the determination of the structure of 
stzyehnine and brucine and the synthesis of a number of complex compounds 
of the type, namely, cryptopine, protopine, epiberberine, harmine, oxyberberine, 
and others. In this and other work he carried out there he was fortunate in 
having the collaboration of Professor Robert Robinson, who has now succeeded 
him as Waynflete Professor of Chemistry. 

Perkin, although a shrewd business man, did not devote much of his time or 
skill to commercial work. He once said that although he had made a vast 
number of new organic compounds he could not remember ever having made 
any which could be put to a useful purpose. Nevertheless, during the war 
period he served as Chairman of the Advisory Council to British Dyes, Ltd., 
and helped in the organisation of that firm to meet the demand for dyestu£b 
cut off by the war. Later, in 1924, he was appointed Director of Research and 
became also a member of the Board of Directors. He was also associated with 
the late Sir William Ramsay in developing a process for the preparation of 
synthetic rubber from butyl alcohol which, however, failed to be industrially 
practicable. It is strange that although brought up in close touch with the 
synthetic dyestuffs he never actually worked on them, and excepting in the use 
of butadiene rubber, to which reference is made above, and also in connection 
vriith “ non-flam,” a process for rendering fabrics non-inflammable, it is probable 
that his mune never appeared on a patent specification. 

He gave good service to the societies of which he was a member, and served 
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as President of the Chemical Society (1913-15) and as Vice-FteBideiit for no 
less than 19 years. He senred for two period on the Council of the Boyal 
Society (1904-05 and 1908-10). His literary aotiTiiaeB were few but he found 
time to produce two well-known text-boofa in conjunction with Professor S. 
Kipping, one on inorganic and the other on organic chemistry. With Dr, 
Lean he also wrote a small introduction to. Chemiatry. 

He was an able and fluent lecturer and those who were fortunate enough to 
take his cotirses rarely failed afterwards to speak of them mtermsof the hipest 
praise. He was especially lucid when explaining some of the more intricate 
portions of his science, and in describing sections in which he himself had 
laboured. 

He received many honours. The Universities of Cambridge, Edinbtugh, 
St. Andrews, and Manchester, conferred on him Honorary Doctorates, and he 
was Honorary Fellow of many learned societies. He was awarded the Long- 
stafl Medal of the Chemical Society in 1900, and the Davy Medal of the Royal 
Society in 1904, and a Royal Medal in 1925. 

In 1887 he married Mina, daughter of the late Mr. W. T. Holland, of 
Bridgewater, who survives him. 

The writer of this notice wishes to express his thanks to Mr. A. J. Greenaway 
for having allowed him to use the manuscript of his Chemical Society notice. 
The writer has quoted freely from this, especially in connection with Perkin’s 
earlier life with which Mr. Greenaway was so well acquainted. 


J. P. T. 
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ALAN ARCHIBALD CAMPBELL SWINTON—186^-1930. 

By the death of Alan Archibald Campbell Swinton, on February 19, at 
hia home, 40, Chester Square, London, scientific and industrial research loses 
one who did valuable work especially in X-rays and radio communication. 
The third son of A. Campbell Swinton, of Kimmerghame, Berwickshire, and 
Georgiana, daughter of Sir Gkiorge Sitwell, Bart., he was bom on October 18, 
1863. From 1842 to 1862 his father was the professor of civil law in the 
University of Edinburgh. He also held the coveted post of Brigadier-General 
itt the Royal Company of Archers, the King’s Body Guard for Scotland* 
Professor Swinton’s second son was Captain George S. C. Swinton, Chairman of 
the London County Council in 1912, and Lord Lyon King of Anns, and his 
sister was the mother of Archbishop Lord Davidson. 

As a child Alan Campbell Swinton showed a strong bent towards engineering. 
An oil painting of him when aged nine, with a steam engine in his hand, was 
shown at the Royal Scottish Academy Exhibition in 1872, and was labelled 
prophetically “ A Young Engineer.” The headmaster of his first school, 
Cargilfield, Edinburgh, encouraged his mechanical tastes. At this school, 
although only a boy, he gave exhibitions with a magic lantern and became quite 
skilled in taking photographs. When only fourteen he took a good photo¬ 
graph of Professor T. H. Huxley, and this, with other portraits, is included in 
a book called ‘‘ Autobiographical and other Writings,” which was published 
after his death. In 1878 he was sent to Fettes College, but, as he hated games 
and at that period took little interest in Latin and Greek, he found the school 
life nncongenial. He liked, however, to work in the carpenter’s shop at Fettes. 
In 1879, after reading a description of a telephone given in a technical paper, he 
constructed two telephones which functioned excellently. As the telephone 
had only been invented some two years previously this would have been a good 
piece of work for a scientific worker; for a boy of fifteen it was admirable. 
His house-master, noticing that his scientific absorption interfered with his 
school work, made him send his telephones liome, 

In the Easter of 1881 Alan was sent to Havre, where he had lessons in mathe¬ 
matics and French^ but he seems to have spent much of his time in taking snap 
photographs of ships and fishing boats. In this year he visited the Paris 
Exhibition and was most impressed by the wonderful electrical inventions 
shown there. In 1882 he was apprenticed to Lord Armstrong in the works at 
Elswick. Daring this period he fitted a Chilian battleship with electric gun firing 
control which enabled any number of guns to be fired simultaneously. He left 
Elswick in 1887 and set up in London as an electrical contractor and consulting 
engineer, and installed the electric light in many town and country mansions. 
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Early in January, 1696, after reading an account in the morning paper of 
Professor W. C. Bontgen’s discovery of X-rays, Swinton was successful in 
obtaining a shadow photograph by means of a Crookes tube which he happened 
to possess. A few days later he obtained a shadow photograph of the bones in 
his own hand. He recognised at once the great benefit of this discovery to 
mankind. This photograph was reproduce in ‘ Nature ’ of January, 1896. 
He gave many lectures to various societies and did much to spread a general 
interest in science. I particularly remember hearing him lecture to the Camera 
Club and the sensation he caused, I think in 1896, by projecting a picture of his 
own head on the screen when speaking. 

In 1904 Campbell Swinton gave up contracting work and became exclusive 
a consnlting engineer. He was specially interested in radio work. Wben 
Marconi came to England, Swinton introduced him to Sir William Preece, and 
long-distance radio telegraphy soon followed. When listenii^ in 1910 to tests 
with the Poulsen system Swinton heard articulate speech for the first time. 
He was associated with the development of tiie Parsons turbine and was a 
pioneer of motoring in England. He went out on many of the trials of 
the pioneer turbine boat, the Tv/rbinia, which created a sensation at the 
Naval Review in 1897 by going at the record speed (at that time) of 
33^ knots. 

In 1911 he was President of the Kdntgen Society and in 1913 of the Radio 
Society. In 1915 he was elected a Fellow of the Royal Society and served 
twice on the Council. He had the unusual honour of being Chairman of tiie 
Royal Sodety of Arts for two periods, namely from 1917-19 and from 1920-21, 
giving font inaugural addresses which were interesting and scholarly. In one 
of these he prophesied that one day the King would address by word of mouth, 
and at one and the same time, all the different parts of the British Empire t 
At the time it seemed a very daring assertion to make. 

He was a member of the three professional engineering institutions—the 
Civils, the Mechanieds and the Electricals.. He was a Vice-President of the 
Electrical Engineers for four years and was an active member of many c(«n- 
mittees. He was a manager of the Royal Institution and served on the ^neral 
Board and Executive Committee of the National Physical Laboratory. 

For about thirty years Campbell Bwinton was a weB-known and popular 
member dt the Athenssum Club. He was a baohdor, but entertained his 
friends at his house in Chester Square. He was proud of having known nearly 
all the eminent men of science during the last fifty years and liked showing 
a very interesting collection of their photographs taken by himself. 

In 1924 sciagrams taken by his medical adviser proved that his life might 
be out short at any minute. He did not, however, let this knovdedge interfere 
with his work or prevent him entertaining his fri^tda as oheerfolly as he 
always had doms. The end came on February 19th, 1980. 
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Mr. Campbell Swint^n presented £1,000 to the Swiety in 1920 to form the 
nucleus of a general purposes fimd. With the help of Sir Charles Parsons and 
Sir Dugald Clerk he initiated and contributed largely to a fund for the purchase 
of the freehold of the building in which the Society of Arts holds its meetings. 
He undertook also to defray the costs of the charter which was recently granted 
to tJie British Association. A. R. 


WILLIAM SYMINGTON McCORMICK 1859-1930. 

William Symington McCormick was born at Dunbar Terrace, Dumfries, on 
April 29, 1859, He was the eldest sou of WiUiam McCormick and Agnes 
Ann (Symington). His father was in business in Dumfries and was known 
as a welhread man of good business capacity. His mother was the daughter 
of the Rev. WilUain Symington, D.D., Minister of the Gospel at Stranraer and 
Glasgow, and Professor of Divinity in the Reformed Presbyterian Church of 
Scotland, or Cameronians as they are more commonly named. 

McCormick was educated at Dumfries High School, where he does not 
appear to have shown any particular brilliance, and then at Glasgow University 
where his powers began to be recognised. His subjects were mathematics and 
literature, and he acU^d for a time as assistant to Professor Hugh Blackbuni, 
lecturing on mathematics. After taking his degree at Glasgow in 1880 he 
went to Germany for the study of literature at the Universities of Gottingen 
and Marburg. On his return to Glasgow he became assistant to John Nichol, 
the Professor of Literature. At this time the Scottish Universities were just 
beginning to open their doors to women, and an institution, Queen Margaret 
College, was established and was staffed with its own set of lecturers. McCoimick 
was put in charge of the Department of English language and literature. 

He also made an experiment in Commerce, joining a Mr. Wilson in a 
publishing business. This did not come to very much, but it had its influence 
in helping to give him that detailed knowledge of commerce and iU ways which 
in later life so astonished his friends. 

So marked was McCormick^s success in Glasgow that he was selected in 
1890 to fill the Chair of English Literature in University College, Dundee, He 
held this appointment for eleven years, acting also as lecturer in literature in 
the Univer^y of St. Andrews. Indeed he was only prevented from succeeding 
to the Professorship of Literature at St. Andrews by the dissensions between 
that University and Dundee College, which were then very bitter. 
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During the part of his life he spent at Glasgow and Dundee McCormick's 
great qualities becaifte obvious. Professor Niohol, writing at the time of 
McCormick’s application for the Chair at Dundee, said : “ It is needless for me 
to speak of his qualities as a lecturer, in which capacity ho has achieved, 
especially in connection with the University Extension Scheme, a more remark¬ 
able success than anyone else of his standing in the West of Scotland. Nor 
need I dwell on the impression he has made on the minds and the hold he bus 
won over the affections of Ids pupils. Their enthusiasm on his behalf is the 
best evidence of his tact and firmness, of his understanding of their difficulties 
and appreciation of their aspirations, to a degree impossible to any stranger 
to their antecedents and modes of life.’’ These words might well serve as an 
indication of those qualities which afterwards in a wider field gave him Mn* 
unique position wliich he enjoyed for so long. 

During the years of Ins professorship McCormick was continually engaged 
on literary work. Perhaps it will snfBw here to refer to the part he took in 
the production of tlie Globe edition of Chaucer, under the joint editorship of 
A. W. Pollard, H. Frank Heath and M. H. Liddell. He contributed “ Troilus 
and Cressida ” and always regarded this work with affection. His literary 
efforts gradually berjame centred on Chaucer, on whose works, including the 
existing manuscripts, he became an authority. This persisted through his 
life, and in 1920 he spent a holiday at the University of Chicago to study the 
fin(5 collection of Chaucerian manuscripts which the University possesses. 
His later work on the critical examination of the texts of Chaucer, which he 
had nearly finished at the time of his death, is to be published shortly by the 
Oxford University Press. 

McCormick managed to combine his literary work at Dundee with th<‘ 
broader study of University education which finally led him to his commanding 
position as Chairman of the University Grants Committee. He soon became 
known to a wide circle as a man whose criticisms and judgment could be 
trusted ; in particular be was invited by tho General Medical Council to prepare 
a report on the entrance examination for the medical profession. In 1901, 
when Mr. Andrew Carnegie established his Trust for the administration of the 
£2,000,000 which he set aside for the benefit of the four Scottish Universities 
and of Scottish students, he invited McCormick to become the first Secretary of 
the Trust. After very full consideration McCormick accepted this position: this 
was possibly the most important decision he ever made, for it changed the whole 
course of his activities. By this time he was a married man, having married 
Mabel Emily, the daughter of Sir Frederick Cook, Bart., in 1897, and on his 
appointment as Secretary of the Trust he moved to Edinburgh, living at a 
house in Douglas Crescent, where he remained till he moved to London in 
1920. Both in Edinburgh and later in London he was surrotmded by hosts of 
friends, at first mainly drawn from academic, literary and artistic circles and 
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later reinforced hy members of the Civil Service, and scientific men with whom 
he became acquainted through the Department of Scientific and Industrial 
Research. 

McCormick’s appointment as Secretary of the Carnegie Trust in 1901 opened 
up a field in which his latent abilities as an administrator had full play. H is 
energy, enthusiasm and breadth of outlook fle<mred to him the immediate 
support of the distinguished men of affairs who had been nominated as trustees, 
while his past experience at Glasgow and Dundee gave him a grasp of detail 
which was never at fault. It is a tribute to his foresight, as testified to by his 
successor, that the main lines along which the Trust pursues its beneficent 
a(‘tivitie8 are still virtually identical with those which he laid down. 

Among the influential men with whom McCormick was associated in the 
early days of the Carnegie Trust was Mr, Haldane, afterwards Lord Haldane, 
Haldane soon recognised McCormick’s exceptional abilities, and when he 
became a member of the Liberal Government in 190r> was instrumental in 
getting McCormick appointed a member of the Advisory Committee set uj) 
“ to advise the Treasury as to the distribution of the grant in aid of colleges 
furnishing education of a university standard.” From 1906 until his death 
McCormick was intimately connected with all the irnf)ortant steps taken by 
successive Governments to assist the development of University education. 
He served on the Departmental Committee appointed in 1907 by the Treasury 
on the University of Wales and the Welsh University Colleges, and on the Royal 
Commission (1909 to 1913) on University education in London, which led to 
the reform of medical education in London, and ultimately to the re-organisa- 
tion of the University. In the meantime the Treasury Advisory Committee 
of 1906 had been-replaced in 1911 by a new Advisory Committee on University 
Grants of the Board of Education with much the same terms of reference, 
and McCormick became its Chairman until 1919, when it was replaced by the 
present University Grants Committee of the Treasury with the wider terms 
of reference “ to enquire into the financial needs of University Education in 
th(^ United Kingdom and to advise the Government as to the application of 
any grants that may be made by Parliament towards meeting them.” Since 
McCormick was Chairman of this new Committee until his death, it may justly 
be claimed that he was the chief adviser to the Government on the financial 
needs of Universities for nineteen years. 

During the whole of the period from 1906 to 1919 McCormick combined his 
work in London with that as Secretary of the Carnegie Trust without detriment 
to either by the simple though fatiguing process of sleeping on the train between 
Edinburgh and London three or four nights a week. Advancing years, and 
his added responsibilities as Chairman of the Advisory Council on Scientific 
ami Industrial Research, made this method of saving time continuously more 
irksome ; but it was not until his duties as Chairmen of the University Grants 
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Committee of 1919 included the survey of Scottish as well as of English and 
Welsh Universities, that he resigned his position os Secretary of the Carnegie 
Trust, feeling, as he said in his letter of resignation, “ that any attempt on my 
part to act in tlie two capacities of Government representative and executive 
oflSoer of the Trust might lead to misunderstanding and confusion.” 

McCormick's association with the development of industrial research came 
about in this way. The Treasury Committee of 1906 was concerned with the 
development of Arts and the pure Sciences. Higher education in the Applied 
Sciences was outside their purview, and was comparatively neglected by the 
State until in 1909 a special department of the Board of Education, under 
the care of Mr. (later Sir) Frank Heath was created to foster higher education 
in technology and medicine. It was clearly unwise to attempt to separate 
the work of the Treasury Committee and of the new department, and it was 
for this reason that, at the instance of Mr. llunciman, the Treasuiy Committee 
was transferred to the Board of Education in 1911. For the next three years 
McCormick and Heath were working together on a scheme to provide Uni¬ 
versities with special funds for the encouragement of research. On the out¬ 
break of war in 1914 it soon became clear that something more was wanted. 
For many years British Universities had been falling behind those of Germany 
in the quantity, if not in the quality, of their contribution to scientific knowledge. 
Neither industry nor the State had shown any marked appreciation of the 
necessity of encouraging scientific investigation, nor of the value of a trained 
scientific personnel. There had been, however, a few signs—^for instance the 
modest State support of the National Physical Laboratory, and the establish¬ 
ment of the Advisory Committee for Aeronautics—that there were some public 
men who appreciated the danger to the State of the neglect of science. Valuable 
and indeed indispensable as these organisations proved in war time, events 
soon showed the urgent necessity of expansion in other directions. The extent 
to which we were dependent on enemy countries for essential materials, the 
manufacture of which could not be achieved without scientific research on a 
larger scale, came as a shock to the uninformed, but hardly as a surprise to those 
who, like the members of the Advisory Committee on University Grants, were 
fully familiar with the conditions at British Universities. The tentative 
scheme on which McCormick and Heath had been working assumed a new 
importance, and during the early part of 1915 a small departmental committee 
under the chairmanship of Dr. Christopher Addison met almost daily at the 
Board of Education to work out a comprehensive plan for the encouragement 
of scientific and industrial research. When the Royal Society sent a deputation 
to the Government in May, 1915, to urge the case for developing scientific 
investigation in certain specified directions, and for the establishment of a 
National Chemical Advisory Committee, the Government was able to announce 
that machinery to do even more was ready. The Government scheme provided 
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for the establishment, under the segis of the Board of Education, of a Com¬ 
mittee of the Privy Council for Scientific and Industrial Research with an 
Advisory Council reporting to the Committee. These bodies were con¬ 
stituted by an Order in Council of July 28, 1915. 

Heath was appointed the Secretary of the Advisory Council. McCormick 
was chosen as Chairman for two reasons : first, to preserve an essential liaison 
between the new Committee and the University Grants Committee, and secondly 
for the even better reason tliat those who know him, know he would make a 
success of it. They were right; for though his appointment did not pass 
without criticism iu the scientific world, the fears of those who mattered soon 
disappeared when it was realised how happily and with what effect the new 
Council worked with their chairman. And indeed in the early days of the 
movement a scientific chairman might have been handicapped by his own 
eminence in the world of science ; he might well have been regarded as an 
expert whose interest in his own studies clouded his judgment. McCormick 
not only had no axe to grind, but what was even more, no one thought lie had 
an axe to grind. 

Events moved rapidly after 1915, and soon the plans of the Council in con¬ 
nection with industrial research were far enough advanced to make it clear 
that the Board of Education was not altogether an appropriate place for their 
full development. In the face of some strong opposition, but with the help 
of McConnick’s advocacy and the support of Lord Haldane, it was decided, 
early in December, 1916, to form a separate Department of Scientific and 
Industrial Research having Heath as Secretary, and presenting its own 
estimates to Parliament. This was one of the last at^ts of Mr. Asquith's 
Government, An Imperial Trust for the Encouragement of Scientific and 
Industrial Research was also created at the same time by Royal Charter, and 
empowered to hold funds an<l do other things in furtherance of the objects of 
the Committee of the Privy Council. 

To appreciate fully McCormick s work for the Universities and for Science 
it is necessaury to dwell briefly on its peculiar difficulties. As Chairman of the 
University Grants Committee he had to reconcile the demand of the Univer¬ 
sities for freedom in development with the necessity of convincing his Com¬ 
mittee, himself and the Government that State funds would be administered 
wisely and spent judiciously. He had to study the Universities from within ; 
to criticise as well as to encourage ; to be firm when occasion demanded it; 
to strengthen the weak and to guide the strong. The academic world is 
difficult to handle, but McCormick handled it to perfection. It learned to 
trust him absolutely; the affection with which he was regarded and the 
universal regret with which the news of his death was received were fine 
tributes to his character. Many people have now forgotten how intense was 
the suspicion with which the Universities regarded the Government at the time 
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when McCormick became Chairiniin of the Advisory Committee on University 
Grants in 1911; but no one whose knowledge goes back twenty years will 
regard as an exaggeration the concluding words of the last report of the 
University Grants Committee—If the relations between the Universities 
and the State are now cordial and free from embarrassing suspicions, if a 
sincere and even jealous regard for tlm autonomy of the Universities is now an 
accepted principle of Government policy, this is due to our late Chainnan 
more than to any other man. ’' 

Three constructive measures of reform may be quoted as due largely to 
McCormick's influence and illustrative of his methods and ideals. The first 
was the establishment of the Federated Universities Supcrarmuation Scheme. 
McCormick always gave the credit for the broad idea of this scheme to Sir 
Arthur Rucker in 1912, but there is no doubt that he himself was mainly 
responsible for its fruition. He seixed upon it at once as a constructive sug¬ 
gestion of the first importance, threw himself eagerly into the details, ami got 
it put into operation as from September 29, 1913. Thanks to his energy and 
stimulating personality the whole scheme was devised and worked out in 
detail with the full co-operation of the Universities in under one year. After 
the war he succeeded in persuading the Treasury to give a special grant of 
£600,000 in order to improve the financial position of older teachers who owing 
to late entry into the scheme stood to gain little by it. It is a remarkable tributo 
to the care with which the provisions of the scheme were worked out under 
McCormick's guidance that not only has it worked admirably and perfectly 
smoothly for the purpose for which it ysan originally devised, but has since 
been applied without change to most of the scientific establishments under 
Government and to independent organisations such as Industrial Research 
Associations. 

The other University reforms which must be particularly associated with 
McCormick are those of the Universities of Wales and London. Until recent 
years these Universities consisted of a number of practically independent bodies 
each getting financial support from the State through the University Grants 
Committee. McCormick saw clearly that the continuance of such disorganisa¬ 
tion would inevitably lead to one of two evils—either the waste of public 
money through unnecessary competition between institutions nominally 
united in a federal band, or a strict control of policy by his own Oomxnittee. 
He refused to depart from the principle of University autonomy; nor would 
his thrifty Scottish upbringing allow him to turn a blind eye to an avoidable 
waste of public money. In spite of many difficulties and much oppositiou he 
insisted on and finally obtained such a re-organisation of both Universities as 
to bring the constituent colleges into co-operation instead of competition ami 
to throw on them the collective responsibility of the proper expenditure of 
public grants. His tenacity is well shown by the fact that it took him fifteen 
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years to secure the reform of the constitution of London University. He got 
his way at last; both Universities are now masters in their own houses, and 
they owe this mainly to McCormick. 

As Chairman of the Advisory Council for Scientific and Industrial Hesearch, 
McCormick had to contend with difiiculties different in kind but no less real. 
The newer Universities by no means regarded the new Department with 
enthusiasm; they feared lest the Council might take away from them more 
than they gave. Nor was industry at all convinced that a great extension of 
Government research would be of much assistance to them. But perhaps the 
greatest problem to be faced was that of overcoming apathy, which is worse 
than opposition. It was in that respect that McCormick was invaluable. 
His genuine^ enthusiasm, his sympathy with other people’s difficulties and 
views, his transparent hoiiesty of purpose found him a way through all 
difficulties. In the words of a friend he regarded his work for the Department 
as a mission, not as a job. In early days when the permanent staff was small, 
he would come to the office every day to talk over current difficulties or future 
plans. He spent long hours in discussing policy with the members of his 
Council and with leaders of industry throughout the country. No one could 
faU to be impressisd by his really eloquent pleading for co-operation and com¬ 
bination, nor to respond to his friendly, humorous and yet firm way of managing 
a meeting. It was after a visit to Lancashire to meet the leaders of the cotton 
industry that he came back convinced of the need for a Government fund 
from which grants could be made to encourage (jo-operative research by industry. 
“ You send me to preach the Gospel to hungry men,*’ he told the Lord President 
and the Chancellor of the Exchequer, “ with a Bible in one hand but no brtiad 
in the other/^ Within twenty minutes he persuaded Mr. McKenna to obtain 
a million sterling for the Department to be sjwnt in grants to co-operative 
Research Associations. 

As the Department grew and became more firmly established, McCormick’s 
long informal talks ine^dtably became rarer, but he was always available for 
co!i8ultation, and his knowledge of men, his native caution and wisdom, made 
his ad^dce invaluable. He lived to see the Department grow within fifteen 
years from small beginnings to an organisation controlling an ammal expendi¬ 
ture of over £700,000 in large national research establishments and in the 
encouragement of research in Universities and by industry; to see growing up 
a spirit of friendly co-operation on all sides, and the apathy on the part of 
public men replaced by a profound, and not always entirely justified, faith in 
the value of scientific research as a cure for national ills. His work for science 
was done before he died, as well and as thoroughly as any man’s work was 
ever done. It was recognised, to his surprise and deep gratification, by the 
highest honour which it is within the power of the scientific world to bestow, 
when in 1928 the Gounqil of the Royal Society recommended him for election 
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to the Society as a person who “ in their opioion had raodered conspiottoiu 
service to the cause of science.” 

A brief reference must also be made to McCormick’s work in connection 
with the Carnegie United Kingdom Trust, which was formed in 1913. He was 
an original Trustee and Chairman of its Music Committee which undertook 
the publication of the great Tudor and Bltizabethan Church Music, instituted 
a scheme for publishing the work of modem British composers, and gave much 
needed a.s8iHtance to the Musical Competition Festivals and to the “ Old 
Vic.” He also took an active part, as a member of its Library Committee, 
in the development of the Rural Library movement, the formation of the 
Central Library for Students and of the School for Librarians at University 
College, liondon. He moved finally from his home in Edinburgh to Frognal, 
Hampstead, in 1921. He remained a member of the Executive Committee 
of the Carnegie United Kingdom Trust for a while, and although he was no 
longer able to take so active a part in its work, he found an outlet for his 
interest in music and the drama by becoming Chairman of the British National 
Opera Company, and a member of the Committee of Management of the “ Old 
Vic.” He was knighted in 1911, and created G.B.E. in 1929. 

In person he had a crumpled, humorous face, with locks of silver hair falling 
over his forehead. Vivacious in conversation, his expressive eyes seemed to 
pass in a flash from one mood to another. A robust, vigorous man in his 
youth, he was handicapped in later years by some ill-health, but momentary 
fits of depression caused by physical pain or the unexpected refractoriness of 
human nature were soon chased away by his strongsense of humour. Fortunatdy 
his features and handsome presence are preserved for future generations in a 
fine portrait of him by his close friend Sir William Orpon, which hangs in the 
Tate Gallery and is reproduced here by permission of the Trustees. 

He liked talking better than writing. He gesticulated freely when he talked, 
had a load, infectious laugh, and loved a good joke or story. He was apt to 
be discursive when he did not know his atidience well, and in the process of 
feeling their reactions to his arguments he would “ wind into his subject like 
a serpent.” But if he loved talking, he was also prepared to listen. He 
listened to ever>'one, never obtruding advice except when it was sought, and 
acting always on the assumption that those he had to deal with were reasonable 
people if taken in the right way. The universal appeal which his nobility of 
character and soundness of judgment made to others was perhaps the chief 
cause of his success as an administrator, and the outward sign of his greatness 
as a man. No one surely ever had a wider oirdo of intimate affectionate 
friends, and for several very good reasons. Endowed himself with a most 
affectionate nature, he unoonsoiously rated his friends above their merits and 
let them see. at a very early stage of friendship that he took a real interest in 
their ambitions, their joys, and their sorrows, and all with a vast experience of 
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life behind it. He found delight and recreation in the company of his Mends, 
and to “ sit next to Mao ” became a cherished privilege in many circles. 

In the early part of last year he was engaged on a strenuous round of visits 
to Universities, which was not quite finished when he started in March on a 
voyage to the Mediterranean in the hopes of regaining his strength for the 
remainder of his task. The rest and freedom from worry seemed to be doing 
iiinnigood, but he died suddenly in his sleep on the morning of March 22, 1930. 

R. T. 

H. T. T. 


JOHN OLIVER ARNOLD—1858-1930. 

I'aoFKSSOR J. 0. Aenout, whose death occurred at Oxford on March 27 last, 
was born at Peterborough on December 29,1868, the son of Mr. David Nelson 
Arnold, general manager of the Midland Railway Carriage and Wagon Company. 
He was educated at King Edward Vi’s Qrammar School, Birmingham, and 
entered the Navy as a cadet on H.M.S. “ Conway,” making a journey to India 
in that capacity, but shortly afterwards leaving to take up metallurgy as a 
prafession. Although his naval career was a short one, he never lost his love 
for the sea, and he remained all his life a keen yachtsman, although the 
restrictions of the war years forced him to leave the Western coasts and confine 
himself to the waters of Windermere, on the shores of which he ultimately 
settled after his retirement. 

At the age of twenty he entered the engineering department of Messrs. 
Brown, Bayley & Dixon, and later held appointments, first with the Famley 
Iron Company, Leeds, and then in the Spanish Steel Works, Sheffield, combining 
with the latter appointment a consulting practice as a metallurgist. 

In spite of the great importance of the steel industry to Sheffield, there 
existed no means of providing training for chemists and metallurgists in the 
city before 1883, although occasional courses of lectures were given by visiting 
lecturers. In that year, Dr. W. M. Hicks having been appointed Principal of 
the I^hth College, it was decided to make provision for systematic training, 
and W. H. Greenwood was appointed as Professor of Engineering and Metal¬ 
lurgy. This step was taken largely on the recommendation of Dr. H. C. 
Sorby, to whom we owe the foundation of metallography as one among many 
of his origmai contributions to science. In 1886 new buildings for the Technical 
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School were opened, but the results were for some time disappointing. When 
Professor Greenwood retired in order to return to industry, Arnold was invited to 
deliver the lectures in metallurgy, while still continuing his consulting practice. 
He has recorded his surprise, on entering the large lecture room for the first 
time, on finding that the audience consisted of one student. Shortly after¬ 
wards he was appointed full-time Professor, but the chairman of the governing 
body remarked that as the salary, £260, was a huge one for a young manr he 
must understand that if by the end of the first session the department had not 
been made a success, the appointment would come to an end. Success was, 
however, never in doubt. Arnold's teaching, bringing science into direct 
touch with the industry from which his students came, made an immediate 
appeal, and the number of students grew rapidly. By 1890 he had so far 
persuaded the authorities pf the value of his methods that he was enabled to 
erect a small-scale steel works, the equipment of which included a 26-cwt. 
Siemens furnace and a pair of Huntsman crucible furnaces. The object of this 
new departure in metallurgical education was by no means to make experience 
in the works unnecessary, but to give the students such an insight into the 
processes of manufacture os to help them to attack the problems of industry 
with understanding, whilst at the same time enabling them to acquire a certain 
degree of manual skill. This was also encouraged by the very thorough drill 
in quantitative analysis on which he insisted in the laboratory. Twelve years 
later this small plant was replaced by a larger building on an island site, 
equipped with a Siemens furnace of 2-tons capacity and other furnaces and 
forging appliances. This plant has proved to have great value for the purposes 
of research as well as of instruction. 

In 1897 the Firth College, the Medical School, and the Technical School 
were united to form University College, Shefl&eld, and in 1905 the institution 
attained the rank of an independent University. A few years later separate 
degrees of Bachelor, Master and Doctor of Metallurgy were instituted, and in 
1917 a Faculty of Metallurgy was established, with Arnold as its first Dean. 
At the end of 1919, after a period of absence through iU-health, ho felt himseK 
compelled to resign his chair, and lived in retirement, first in lx)adon and 
then at Bowness-on-Windermere. The University recognised his great 
services by appointing him Emeritus-Professor. He married, in 1883, a 
daughter of the Rev. James England, of Liverpool, and had two sons and 
a daughter. Mrs. Arnold is well known as a novelist. 

Arnold's chief claim to remembrance rests on his work in the application 
of scientific knowledge to the manufacture and use of steel. As far back as 
1863, Sorby had applied the microscope to the study of steel, and had succeeded 
in identifying the principal constituents, but his work attracted little attmtion 
until the independent studies of Adolf Martens in Charlottenburg from 1878 
onwards brought about a general interest in metallographic methods. The early 
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work of Martens was much less accurate than that of Sorby, but it attracted 
others, and in a few years great progress was made. Arnold eagerly adopted 
the methods of his friend Sorby, and was the means of persuading industrialists 
that the microscope could give information of real value for the control of 
manufacture and the detection of the causes of failure. For some years he 
placed little trust in photographic metliods of recording structure, in spite of 
the beautiful results obtained by Sorby, and his papers were long illustrated 
by reproductions of drawings by members of his staff, some of which show the 
most minute detail, evidence of remarkable skill and patience. In his later 
papers he made full use of photo-micrography. He also developed the deter¬ 
mination of cooling curves, preferring the “ inverse-rak^method of plotting 
to any other, and making important improvements in the experimental 
methods. EssentiaD)^ a chemist, he devoted much attention to analytical 
processes, and his oTily publication in book form is his Steel Works Analysis,” 
first published in 1891, and in its later editions revised by Dr. F. Ibbotson. 
Not only did he improve existing methods of analysis of steds and devise new 
ones, but the presentation of the subject by the two authors provides an 
admirable application of advanced inorganic chemistry to practical purposes, 
a theoretical understanding of the complex reactions involved in certain of the 
estimations being essential to their accurate performance. 

lu 1894 Arnold published the first of a series of papers on the carbides (con¬ 
tained in steels, describing investigations which he carried on for many years with 
Professor A. A. Read, of Cardiff. The carbide of iron, Fe.,C, known as cementite, 
had been discovered by Sir Frederick Abel in 1885. It was now isolated 
by a method of clec^trolytic dissolution, first applied to ctist iron by Binks and 
Weyl, and it was shown for the first time that the bright laminaa in poarlite 
were identical with free cementite, pearlite being thus an intimate intergrowth 
of ferrite and cementite. In subsetpient papers the method was extended to 
steels containing other metals, such as chromium, manganese, nickel, molybde¬ 
num, and cobalt, and formute were deduced for the simple and complex 
carbides contained in them. Although the method of isolation by chemical 
means is not free from objection, so that some of the products are not now 
recognised as definite compounds, these investigations were of the greatest 
value in providing a first survey of the constitution of complex steels, especially 
as the analyses were made on alloys prepared with great care, and were always 
accompanied by mechanical and physical tests. 

In 1895 a paper contributed to the Institution of Civil Engineers opened a 
controversy which lasted for many years, and raged among the metallurgists 
of Europe with remarkable intensity. Floris Osmond had described in 1890 tlie 
eadstenjoe of two modifications of iron, stable within different ranges of tempera¬ 
ture, a-iron being the stable form below 700'' C., and p-iron that stable above 
866**, the transformation of one modification into the other ocoutring at different 
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temperatures between those limits according to the coaditions. It was 
Osmond’s view that the hardness of quenched steel was due to the great 
intrinsic hardness of p-iron, which changed into the soft a-modifioation on 
cooling, but could be retained on rapid cooling if carbon were present, the 
temperature of the change being lower, the higher the proportion of carbon. 
Osmond also showed quite clearly the influence of other metals on this change. 
Arnold, on the other hand, attributed the hardness of quenched steel entirely 
to the formation of a compound of iron and carbon at high temperatures, 
dissociating on slow cooling but being capable of retention on quenching. 
The maximum hardness being obtained with 0 ■ 89 per cent.of carbon, he assigned 
to this glass-hard compound the formula Fej^C, breaking up on cooling into 
free a-iron and cementite, FcgC. He pointed out, with great cogency, that 
pure iron could not be hardened by quenching, and that the production of 
hardness depended always on the presence of carbon. The controversy between 
the supporters of the “ allotropic ” and the “ sub-carbide ” hypotheses of 
hardening was long and even heated, and neither side gained a complete victory, 
since the modem view involves both allotropy and the influence of carbon. 
The hardness of ^-iron was abandoned and new allotropic modifleations 
of iron were added to the original two, being named (above 

900°) and S-iron (above 1400°). Of these, only yitoJi has the property 
of taking up considerable quantities of carbon into solid solution, and 
the retention of metastable products of the partial decomposition of that 
solution on quenching is recognised as the cause of the increased hardness, 
although the exact mechanism of hardening is complex and even yet 
subject to differences of opinion. However, it was Arnold’s insistence on the 
chemical and mechanical properties of iron and steel, combined with his 
thorough knowledge of their behaviour in the workshop, that led him to reject, 
perhaps rather scornfully, views which appeared to him to be based only on 
hypothetical reasoning. In any case, the discussion was extraordinarily 
productive of research, and the attention of able chemists was drawn to the 
subject, thus leading to many important discoveries in connection with steel. 

Always individualistic in his outlook, Arnold did not welcome the intro¬ 
duction of the language of physical chemistry into metallurgy, and always 
continued to use his own nomenclature, so that the reader is sometimes obliged 
to translate his descriptions of structure into the form generally adopted by 
metallurgists. Disliking the use of personal names in the description of micro¬ 
graphic constituents, he rejected such names as “ troostite,” “ martensite,” 
or ” austenite,” preferring to speak of ” emulsified carbide ” and to use similar 
descriptive terms. 

It is natural tliat, as the head of tbs metallurgical school in Sheffield, Arnold’s 
interest should have been mainly in the finer qualities of steel. He always 
regarded shear and crucible steels, made from the purest Swedish raw materi^ 
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and converted in the traditional manner, as representing the beet practice, 
and although he interested himself in the advance of the newer processes, 
these represented the standard by which all other steels had to be judged. 
He was an ardent champion of the maintenance of high quality, and could 
always be counted on to defend the local industry against attempts to gain 
trade by supplying inferior products in substitution for the genuine steel, as 
in the cutlery industry, to which he rendered great services, earning the con¬ 
fidence and gratitude of the workmen. His experiments, carried out in col¬ 
laboration with Dr. W. Ripper of the Engineering Department, on high-speed 
tool steels, did much to establish that important branch of manufacture. In 
1889 Mr. A. F, Wiener, an Austrian, brought the metal vanadium to his notice, 
and Arnold’s experiments proved that great advantages were gained by 
the addition of that metal to tool steels, this step leading to the production of 
tools of much gr(iater efficiency than had been available before. In later 
yi ars he also took a share in the introduction of molybdenum as an alloying 
metal. 

It was as a teacher that Arnold exerted the greatest influence. Ho was an 
admirable lecturer, clear and fluent, with a fine voice and a vigour and pio- 
turesqueness of language that delighted his liearers, and made his intervention in 
discussions an event greatly enjoyed by members of the Iron and Steel Institute 
and other technical bodies. He had a reputation for pugnatuty, but he was 
liked best by those who knew him best. His students, to whoso interests he 
devoted himself whole-heartedly, held him in great affection, in no way 
diminished when, as sometimes happened, they came in later years to hold 
opinions on metallurgical questions opposed to his. In him metallurgy loses 
one of its outstanding figures, a man of genial personality, sterling honesty, 
and great force of character, who did much to raise the standard both of the 
science and of the industry which depends on it. 

Professor Arnold was elected a Fellow of the Royal Society in 1912. He was 
awarded the Bessemer Medal of the Iron and Steel Institute in 1905, and in 
1925 was appointed an Honorary Vice-President of that body. 


C. H. D. 
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JOSEPH ACHILLE LE BEL-1847-1930. 

The death of Joseph Achille Le Bee, which occurred in Paris on August 6, 
removes a veteran who had been closely associated with the rapid development 
of organic chemistry during the latter part of the last century. Le Bel was 
bom at P 6 chelbromi, Alsace, on January 21 , 1847, and was a nephew of 
Boussingaolt, the agricultural chemist. He was a student at the £c(de Poly- 
technique from 1865 to 1867 and became successively assistant to Balard, the 
discoverer of bromine, at the College de Prance, and to Wiirtz, at the £cole 
de M^decine, in Paris. For some time he was in charge of the petroleum 
workings at Pechelbromi, in which his imcle was interested; he became and 
remained an ardent partisan of Mendel^eff’s view that the petroleum deposits 
result from the action of steam on metallic carbides at volcanic temperatures. 

Le Bel holds an honoured position in the history of science as one of those 
eminent French natural philosophers who discovered and worked out the earlier 
consequences of optical rotatory power. Arago observed in 1811 that the 
plane of polarisation of a beam of polarised light is deflected by passage through 
a plate of quarts cut perpendicular to the optic axis; in 1815 Biot found that 
certain organic liquids, such os turpentine, are also optically active in the same 
sense. In the ’fifties and ’sixties, Pasteur concluded from his classical invest!- 
gatimi of the tartaric acids that the optical rotatory power of aqueous solutions 
of these organic compounds arises from asymmetry of their molecular con¬ 
figurations; No progress was made, however, in the problem of ascertaining 
the definite arrangement in three-dimensional space of the atomic components 
of optically active molecules, called for by Pasteur’s fundamental oondumon, 
until the doctrine of the asymmetric carbon atom was enunciated. 

The theory of the asymmetric carbon atom was put forward independently 
and practically simultaneously by van’t Hoff and Le Bel in 1874 ; after a brief 
period of discussion, accompanied by a certain amount of lively ridicule, the 
tluiory became universally accepted and to-day forms the foundati<m of the 
vast subject of the stereo-chemistry of carbon compounds. The theory was 
evolved in a somewhat different fashion by its two authors. Van ’t Hoff 
proceeded from the assumption that, in such a molecule as that of methane, 
CH 4 , the four valency directions of the carbon atom are directed from a centre, 
representing the carbon atom, towards the apices of a regular oironmscribmg 
tetrahedron, the four hydrogen atoms being centred at ^o«e apucee. In the 
substitution derivatives of methane of the types, CXj|Y, OX^YZ, X, Y and Z 
being univalent radicles, no isomerism should exist if Hie four radicles lie at 
the apices of the tetrahedron as foreshadowed by the thorny ; when all four 
radicles attached to the central carbon are different, as in tW OWXYZ, 
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iiiro isomerides should exist, the space coofiguxaiaoa of one being the minor 
image of that of the other. A carbon atcun so attached to four different radicles 
is termed asjmmetrio, and, in accordance with the oonclusioa of van’t Hofi 
and Le Bel, all substances which contain one asymmetric carbon atom in the 
molecule have been foxmd to exist in two mirror-image, or enantiomorphously 
iriated, configurations, of arithmetically equed but algebraically opposite 
rotatory powers. 

Le Bel arrived at the theory in a somewhat diiSerent manner. He discussed 
the mode in which the fotir urdvalent radicles attached to a quadrivalent 
carbon should arrange themselves as a pure question of equilibrium, and hence 
arrived at the tetrahedral environment of the central carbon atom with the 
same consequences, as regards asymmetry, as those of van’t Hoff. It is 
not yet settled whether van’t Hoff’s view, that the carbon atom carried four 
valency directions directed towards the four apices of a circumscribed regular 
tetrahedron, is preferable to that of l<c Bel, but the tendency of modem organic 
chemistry is certainly towards the Le Bel implication that the four carbon 
valency directions are not so fixed. Probably, however, both men were malring 
in 1874 an incomplete statement of the same thing; although more than half 
a century has elapsed, it is not yet possible to state the theory of the 
asymmetric carbon atom in more definite and explicit terms than was done 
at that date. 

Le Bel was the first to separate an optically active component from the 
synthetic mixture of the two mirror-image components of a compound con¬ 
taining an asymmetric carbon atom; he did this in most cases by taking 
advantage of the selective destructive action of lower organisms on the laevo- 
and dextro-isomerides. He was also the first to show that when the asym¬ 
metric carbon atom of an optically active substance of the type, CWXYZ, 
becomes symmetric by conversion into the allied compound, CXjYZ, the 
optical activity disappears. 

Later, Le Bel extended his stereochemical conceptions to quinquevalent 
nitrogen compounds and announced in 1891 that he had been able to obtain 
optically active methylethylpropylisobutylammonium salts; this observation 
could not be confirmed by others, and is no doubt mistaken. The laboratory 
technique for dealing with such complex snbstanoes had not then been 
sufficiently worked out, and it was not until 1899 that the first optically active 
substitutfri ammonium salts oontaining an asymmetric quinquevalent nitrogen 
atom, but no asymmetric carbon atom, were first prepared. 

Le Bel did not publish a great amount of experimental work, probably 
btwause he held no academic post and so found few cxillaborators; his writings 
cover, however, a wide range of subjects and are jiermeated by a quite un¬ 
common philosophic spirit. He was an individualist and mixed little with his 
seientifio colleagues; he was intolerant of officialdom in any of its aspects. 
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and was wont to express his contempt of bureaucracy with some vigour* 
His originality of thought, his outspokenness, and his unoonventionaUty, indeed 
bohemianiam, made him somewhat difficult of access, but in congenial society 
he was a delightful companion, full of knowledge of the world and sparkling 
with anecdote and caustic wit. He maintained his interest in science to the 
end, and, so late as April last, offered a money prize for the rediscovery of a 
microscopic green alga, found and lost by him, which had the power of con¬ 
verting atmospheric nitrogen into ammonia. 

Le Bel was president of the French Ch^ical Society in 1892; he was u 
Commander of the Legion of Honour and a member of the Paris Academy of 
Sciences. He was elected an honorary fellow of the Chemical Society in 19UK 
and a foreign member of the Royal Society in 1911; in 1893 both he and 
van’t Hoff became Davy medallists of the Royal Society. In 1925 he made a 
gift of money to the Society with the request that you subsidise research rathe r 
than subsidise students, for 1 think we have plenty and to spare of savants 
who have fattened on examinations, but not enough of the people who employ 
their time in solving problems of interest. Hitherto the Royal Society si^ms 
to me to have used its money well. 1 hope that it will continue.*’ He 
bequeathed the whole of his estate to the French Chemical Society. 

W. J. P. 

{Reprirded frorn ‘ Nature * hy pertniadon,) 
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